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Abstract 
 
Porosity in coal plays an important role in determining sorption capacity and diffusion 
behaviour of a given gas. Total porosity and pore size distribution are known to change with 
rank and composition. Total porosity declines whereas micropore volume increases with 
rank. On the other hand, the variability in composition among coals makes it difficult to track 
the changes due to the influence of various plant precursors.  This study examines pore 
structure changes from the original plant structure represented by wood to vitrain across a 
range of ranks.   
Samples used in this study include a coal rank suite from brown coal to medium volatile 
bituminous of Cretaceous age from New Zealand. Porosity evolution during coalification was 
assessed using vitrain bands isolated from these coals which is derived from the genus 
Lagarostrobos.  Previous palynological studies suggest that the precursor wood is related 
to the modern Huon pine (Lagarostrobos franklinii). Therefore, a wood sample of this 
species from Tasmania was also analysed.  The methods used in this study were optical 
microscopy, low pressure gas adsorption using nitrogen and carbon dioxide at 77 K (-
196.150C) and 273 K (00C) respectively, high pressure adsorption isotherms using carbon 
dioxide and methane at 320C, and small/ultra-small angle neutron scattering 
(SANS/USANS). 
Petrographic analysis shows that the vitrain suite has a vitrinite content ranging from 79 % 
to 100 %, telinite in particular, ranging from 13.3% to 84.7% mmf, with random vitrinite 
reflectance ranging from 0.39 % to 1.49%.  Qualitative comparison of wood microstructure 
and cell diameter in the Huon pine sample and that revealed in the vitrain samples by 
etching, shows a similar simple cell structure (bordered pits, unicellular rays).  Based on an 
average cell diameter of 20 µm, compaction estimates ranged from 9:1 to 4:1, except for 
samples that did not appear woody (i.e. they were attrital and derived from herbaceous 
plants), or were heat affected, and tectonically deformed.  This supports the assumption that 
most vitrain samples in this study have a Huon pine like precursor plant. 
Results from low pressure adsorption, using nitrogen, shows that the percentage of 
cumulative pore volume of micropores (those less than 20Å), from wood to vitrain increases 
with rank.  The increase in micropore volume percentage rose significantly and peaked at 
sub-bituminous rank (Rr= 0.6%); thereafter it decreased exponentially with rank to medium 
volatile bituminous rank (Rr=0.9%).  There is also an inverse correspondence between a 
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decrease in percentage of cumulative macropores (pores larger than 500 Å) volume, at sub-
bituminous rank (Rr=0.6%), that increases with increasing rank.  Mesopores show a similar 
trend to micropores with a peak exception at 0.90% Rr.  The total cumulative pore volume 
of micro-, meso- and macropore sizes show a good relationship with telinite maceral content. 
The result suggests that the changes in pore structure of the vitrain suite of samples, is more 
affected by vitrain composition (and especially the prescence of the telinite maceral) than 
rank, in some cases.  
Total porosity calculation on a restricted range of mesopores (250 to 500 Å) to macropores 
(pores more than 500 Å) from SANS/USANS, shows that the total porosity of samples is 
primarily from mesopores with a small contribution from macropores.  Micropores were 
excluded for calculation on the basis of a “peer to peer” comparison because only a few of 
the samples examined had micropores.  Pore number density show an increasing trend with 
rank with JE 01 and huon pine as an outlier.  
Interestingly, pore size distribution (PSD) of incremental pore volume from low pressure 
nitrogen adsorption, on all sample, shows a similar multi-modal distribution of peaks at the 
same pore size with different intensity. This suggests that the pore structure in vitrain bands 
in this study is inherited from similar coal plant precursor (Huon pine wood).  However, pore 
number density (similar with PSD) from small angle scattering methods, did not show a 
similar trend. Furthermore, the variability between samples of different rank was high and 
the trend with rank on micro-, meso- and macropores is different between each technique. 
Therefore, further study needs to be undertaken using more vitrain and whole coal samples 
with the addition of different methods e.g. small angle X-ray scattering, to establish the role 
of inheritance of pore structure from wood, to coals of a wide range of rank. 
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1. INTRODUCTION 
Coal porosity plays an important role in determining sorption capacity, permeability and 
diffusion behaviour of a given gas within the coal (Cai et al., 2013; Radlinski, 2006; Radlinski 
et al., 2004).  Studies of coal porosity have been conducted in order to have a better 
understanding of these gas reservoir parameters, and to predict the suitability of coal for 
char or activated carbon production (Adeboye and Bustin, 2013; Bahadur et al., 2015; Cai 
et al., 2013; Crosdale et al., 2008; Melnichenko et al., 2009, 2012; Parkash and 
Chakrabartty, 1986; Radlinski, 2006; Rodrigues and Lemos de Sousa, 2002).  In coal, 
porosity exists as a system of pores (micro-, meso- and macropores) and cleats or fractures 
(Flores, 2014), which can be occupied by a liquid or a gas (Levine, 1993; Rodrigues and 
Lemos de Sousa, 2002).  Micropores and mesopores usually appear as part of coal matrix, 
whereas macropores are usually manifested in the cleat system (van Krevelen, 1993), 
although research by Adeboye and Bustin (2013) showed that macropores can be part of 
the coal matrix when associated with inertinite group macerals. Cleats, macro-, meso- and 
micropores are illustrated in Figure 1.1. 
 
 
Figure 1.1. Schematic illustration on coal micro-, meso- and macropores (modified from 
Flores (2014), Hsieh et al., (2015), Taylor et al., (1998)). 
 
It is not only the total porosity that is important, but also the description and quantification of 
pore structure, which is defined by parameters such as average pore size (micro-, meso-, 
or macropores), pore size distribution and specific surface area (Anovitz and Cole, 2015), 
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and whether the pores are open or closed, isolated or connected (Melnichenko et al., 2012; 
Sakurovs et al., 2012). The latter determines whether the porosity is “effective”, or in other 
words, whether pores allow gas or fluid to flow (Anovitz and Cole, 2015). This parameter is 
important in coalbed methane production and carbon dioxide sequestration since it can 
affect permeability, and can be used to indicate how much gas can be extracted or put into 
the coal seam.  
The thermal maturation process (resulting in progressive changes in rank ), and the starting 
material (type), will influence both the total porosity and the pore structure (Chalmers and 
Bustin, 2007; Crosdale et al., 1998; Rodrigues and Lemos de Sousa, 2002). For example, 
total porosity , made up of macro, meso and micro pores (as shown/defined in Figure  1.1) 
shows a parabolic curve as it declines until high bituminous rank, then increases (slightly) 
again, as the coal rank increases (Gan et al., 1972; Mares et al., 2009; Rodrigues and Lemos 
de Sousa, 2002). As total porosity declines, the proportion of macro- and mesopores that 
are widely distributed in lower coal ranks, also decline in contrast to the abundance of 
micropores whose proportion increases with increasing rank (Levine, 1993; Rodrigues and 
Lemos de Sousa, 2002). The increase in proportion of micropores provides more surface 
area for gas to be absorbed onto the pore walls, thus increasing gas adsorption capacity 
(Moore, 2012; Rice, 1993). The increased sorption capacity of vitrinite-rich relative to 
inertinite-rich coals for a given rank, also reflects the difference in pore structure rather than 
total porosity only (Clarkson and Bustin, 1996; Crosdale et al., 1998; Laxminarayana and 
Crosdale, 1999). Furthermore, it is thought that the initial pore structure of the starting 
material (e.g. wood) will exert a huge influence on pore size, and that influence will continue 
to be felt right through the coalification process (Gamson et al., 1996; Taylor et al., 1998). 
However, there are little, if any data, that tracks the pore structure changes for a specific 
wood type during coalification. One of the reasons for this is that few studies have been 
conducted on the often lower rank Mesozoic and Cenozoic coals, where there are living coal 
precursor plants. This study attempts to address this gap by investigating the changes in 
pore structure from the precursory wood (Huon Pine, Lagarostrobos franklinii) through the 
coalification process using hand-picked vitrain bands from Cretaceous age New Zealand 
coals with abundant Phyllocladidites mawsonii (i.e. conifer) that has strong botanical 
affinities to Huon pine, Lagarostrobos franklinii (Ward et al., 1995).  
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1.1  Objective of the study  
The objective of this study is to investigate the changes in pore structure from wood (vitrain 
plant precursor) to vitrain from coal at different coalification stages (brown coal to low volatile 
bituminous rank). In this study, vitrain bands from New Zealand Cretaceous coals are used 
together with Huon pine wood (Lagarostrobos franklinii) from Tasmania which is considered 
to be the plant precursor of the vitrinite in these New Zealand coals due to palynological 
similarity with the original coal precursor(Ward et al., 1995).  
In order to accomplish this objective, the following tasks were conducted: 
1. Investigation of the influence of compositional differences within the vitrinite maceral 
group on total porosity at different rank stages. 
2. Investigation of specific changes in pore structure, such as average pore size and 
pore size distribution, surface area, from wood to coal (vitrain) at different coalification 
stages. Methods employed were:  
- petrographic analysis and scanning electron microscopy (SEM),  
- gas injection using low pressure nitrogen adsorption and  
- small/ultra-small angle neutron scattering (SANS/USANS) methods. 
1.2 Background of the study 
1.2.1. Porosity 
Porosity1 is considered the fraction inside the total volume of the materials (e.g., coal or 
wood) occupied by pore space (Levine, 1993; Nimmo et al., 2004; Rodrigues and Lemos de 
Sousa, 2002;) and is either expressed as a number between 0 to 1 or as a percentage 
(Nimmo et al., 2004). Although it is easy to define, porosity is not easy to measure and 
quantify. Since porosity in coal can occur over eight orders of magnitude in length, from 
angstrom to centimetres (Anovitz and Cole, 2015), several different types of measurement 
methods need to be employed and then reconciled with each other before being “stitched” 
together. Only then can a true understanding of porosity be gained. 
Porosity depends on some specific structure parameters of the pore which includes size, 
total distribution and surface area. Pore size can be defined as the average radius of the 
pore or opening in the material while pore size distribution (PSD) is defined as a statistical 
distribution of pore radius at a given point (Bhattacharya and Gubbins, 2006). Specific 
surface area (SSA) is defined as surface area per unit sample. For two samples with the 
                                            
1 Porosity as used here denotes total porosity. 
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same given mass, a material with small pores will have higher surface area than the material 
with larger pores (K. S. Gregg and Sing, 1982; Lowell and Shields, 2015). Figure 1.2 shows 
the relationships between pore size and surface area. Since coal adsorbs gas (methane or 
carbon dioxide) onto the surface, SSA has an important and direct impact on gas sorption 
capacity. For example, 1 cm3 of coal can contain 3 m2 internal surface area (Flores, 2014; 
Moore, 2012) 
 
Figure 1.2. For two bulk samples with the same mass and volume, decreasing pore size 
results in an increased total surface area (modified from http://www.piscltd.org.uk/nano/) 
 
Pores can also be classified as open or closed (Rouquerolt et al., 1994). Open pores are 
those that open to the surrounding area, while closed pores do the opposite (Figure 1.3). A 
knowledge of open and closed pores is important, especially in enhanced coal bed methane 
(ECBM) and CO2 sequestration, as both are dependent on pore connectivity and 
permeability.  A knowledge of pore dimension scan give a better understanding on the 
fundamental limits to the ability of CO2 to displace methane in coal seam (Melnichenko et 
al., 2012).  
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Figure 1.3. Open and closed pores illustration (after Rouquerolt et al., 1994; Zdravkov et 
al., 2007). a. closed pores; b, c, d, e, f and g – open pores. 
 
1.2.2 Porosity measurement methods 
To determine pore structure of the material, several techniques are commonly used (Figure 
1.4). Direct methods are most common, and include saturation or imbibition using clean 
fluid, buoyancy, gas expansion (helium porosimetry), gas adsorption (nitrogen, carbon 
dioxide) and mercury intrusion porosimetry (see Anovitz and Cole,2015, for a fuller review 
of these techniques). Each of these methods however, only cover certain pore sizes in a 
limited range, depending on the molecular size of the adsorbate (Anovitz and Cole, 2015; 
Flores, 2014; Rodrigues and Lemos de Sousa, 2002). Consequently, multiple techniques 
are needed to cover the entire range of the pore size distribution from micro- to macropores 
(Bahadur et al., 2015; Dmyterko, 2014; Okolo et al., 2015).  
Other methods are imaging methods, which include optical light microscopy, scanning 
electron microscopy (SEM), focused ion beam (FIB) SEM, transmission electron microscopy 
(TEM), nuclear magnetic resonance imaging (NMRI) and atomic force microscopy (AFM) 
(see Anovitz and Cole (2015) and Bahadur et al. (2015) for a fuller review of these 
techniques). These methods can quantify and give a detailed picture of how pore structure 
occurs in the material.  
However, most of the pore measurement methods, like low pressure nitrogen adsorption 
and mercury porosimetry, are only capable of measuring open pores. The techniques that 
can measure both open and closed pores are small angle scattering methods (Bahadur et 
al., 2015; Melnichenko et al., 2012; Sakurovs et al., 2012). These methods have advantages 
over other methods, because : i) they use neutron or X-ray beams that allows detection of 
a wide range of pores, from micro- to macropores (10 Å to 105Å ,Radlinski et al., 2004; 
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Sakurovs et al., 2012); ii) are non-invasive, non-destructive, and; iii) can measure open as 
well as closed pores.  
 
 
Figure 1.4. Comparison between different methods to estimate porosity (Anovitz and Cole, 
2015; Bahadur et al., 2015) 
 
In this study, two pore measurement methods were used; the first was a low pressure gas 
sorption using nitrogen and carbon dioxide, and the second was small/ultra-small angle 
neutron scattering (SANS/USANS) method. These methods will be discussed further in 
chapter 3. 
 
1.2.3. Porosity in wood and coal 
1.2.3.1 Porosity in Wood 
Wood is the common term generally given to secondary xylem. The most basic division of 
xylem (or ”wood”) can be divided into hardwood and softwood, and depending on their 
reproductive system into angiosperm or gymnosperm, respectively ( Anovitz and Cole, 2015; 
Kollman, 1968; Williams, 1952). Both types present a wide range of pore sizes, from 1.5 nm 
in cell-wall cavities to 105 nm in the vessel element of the plant structure (Almeida and 
Hernández, 2007). Figure 1.5 illustrates that different cell types commonly comprise 
hardwood (angiosperm) and softwood (gymnosperm). Microscopically, the cell structure, is 
what differentiates the different types of wood. Angiosperms have more complicated cell 
structures. Unlike gymnosperms, angiosperms are composed of four major cell types 
namely vessel, fibre tracheid, longitudinal parenchyma and ray parenchyma( Bowyer, 1989; 
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Hygreen, J.G.). Vessel cells are oriented vertically, and are larger than others cells oriented 
in the same direction. Vessel cells are used to transport fluid inside the xylem and are 
connected to others by proximal vessels cells by a feature termed “pitting”. Vessel diameters 
range from 50-400 µm (early spring wood) to 20-50 µm (latewood). Fibre tracheids are 
longitudinal cells that are smaller than vessel cells. Longitudinal (vertical) and ray 
parenchyma (horizontal) are used for food storage. Cell arrangements, in a transverse 
section in hardwood angiosperms appears to be random, with different size of cell (Figure 
1.5A). On the other hand, softwood gymnosperms have a simpler structure in regards to 
tracheids, ray and occasionally resin canals (Figure 1.5B). Typical diameters of tracheid 
cells ranges between 10 and 50 µm ( Plötze and Niemz, 2010; Ressel, 1952). The cell length 
is about 100 times the width and consist of cellulose and lignin (Stalnaker and Harris, 1989) 
and can make up as much as 95% of the total wood (Hygreen, J.G.; Bowyer, 1989; Kollman 
and Côté, 1968). In conifer wood, earlywood has bigger tracheids than latewood, with 
uniseriate or monocellular rays tracheid. 
 
 
Figure 1.5. Model of A) hardwood (e.g. oaks)  and B) softwood (e.g. pine wood) (after 
Kollman and Côté, 1968).  
 
Porosity studies in wood have been conducted using different methods from mercury 
injection to small angle x-ray scattering (Almeida and Hernández, 2007; Kalliat et al., 1983; 
Kojiro et al., 2010; Nakatani et al., 2008; Papadopoulos et al., 2003; Plötze and Niemz, 
2010; Stamm, 1973; Yin et al., 2015; Zauer et al., 2014). Plötze and Niemz (2010) conducted 
B A 
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a porosity study on 24 different types of hardwood and softwood using mercury injection 
porosimetry (MIP) and water vapour adsorption technique. They used a different 
classification on micro-, meso- and macropores than the one that used in this study (Figure 
1.1). Pore range used by Plötze and Niemz (2010) are as follows: 
 Micropores : pores between 1.8 – 80 nm (18 - 800 Å) 
 Mesopores : pores between 80 – 500 nm (800 – 5,000 Å) 
 Macropores : pores between 0.5– 58 µm (5,000 – 58,000 Å) 
If the IUPAC classification is used, wood pores from the Plötze and Niemz study would be 
dominated by meso-and macropores, which is an important size for water transport but not 
necessarily gas since the size of the methane or carbon dioxide molecule is smaller than 
water. 
The results of the study by Plötze and Niemz (2010) are presented in Figure 1.6. In their 
study, Plötze and Niemz differentiate hardwood into diffuse-porous and ring-porous. Diffuse-
porous hardwood is a hardwood that has more uniform size of vessel cells, whereas ring-
porous hardwood has a different size of vessel cells. Most of the hardwoods, especially ring-
porous hardwood i.e. macassar ebony, have high cumulative pore volume that suggests 
more micropores than softwood (e.g. Scots pine). Although some of the diffuse-porous 
hardwood have more macropores e.g. sycamore maple. This may be caused by the 
characteristic of hardwood with diffuse-porous that have more uniform vessel cell like 
softwood. In general, hardwoods (angiosperm) have more micropores than softwoods 
(gymnosperm). Pore characterization in wood and hence coal is important because it can 
affect material properties including adsorption behaviour, including prediction of water 
behaviour during drainage from full saturation to high relative humidity (Almeida and 
Hernández, 2007; Plötze and Niemz, 2010). This characteristic is important in industrial 
processes of impregnating and coating materials. Furthermore, by understanding pore 
characteristic of the wood as a coal plant precursor, one can follow this characteristic 
throughout the coalification process.  
Thus, understanding wood as coal precursor is important in coal porosity studies. Knowing 
the type of wood or what part of the plant (e.g. wood, bark root or stem) that act as a plant 
precursor will illustrate differences in coal pore size and pore size distribution between coals 
formed from different vegetation communities in different geological ages, paleoclimates and 
basins.  
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Figure 1.6. Macro-, meso,- and micropores on hardwood and softwood trees from 24 wood 
samples (after Plötze and Niemz, 2010).  
 
1.2.3.2 Porosity in Coal 
Porosity and pore size distribution in coal are influenced by two important properties namely 
coal rank and coal type. Coal rank reflects the degree of metamorphism (or coalification), 
related to depth of burial and geothermal gradient at the time of coalification, and locally may 
involve heat from igneous intrusions (O’Keefe et al., 2013; Suárez-Ruiz and Crelling, 2008; 
Taylor et al., 1998). During coalification, the organic material loses moisture and volatile 
matter, while the carbon content and vitrinite reflectance increases (Figure 1.7). These are 
parameters that can be used to determine the coal rank (Diessel, 1992; Ward, 1984).  
In general, total porosity in coal decreases as rank increases (Gan et al., 1972; Mares et al., 
2009; Rodrigues and Lemos de Sousa, 2002). Total porosity decreases until medium volatile 
bituminous rank (around 90% carbon content, dry ash free (daf) basis) then increases again 
as the rank increases (Figure 1.8). However, the relationship between rank and the volume 
of micro and macropores show a different trend (Figure 1.9A). Macropore volume decreases 
as the rank increases while micropore volume increases with rank (Levine, 1993).  Moore 
(2012) has used a different approach to interpreting the data from Levine (1993). Instead of 
taking the general trend of the data, the author connected the values of the data. By 
connecting the values, the trend of micropores are not increase with rank, but shows 
inflection or “humps” at around 77% carbon content (Figure 1.9B) that may be related to first 
coalification jump that occurs at around 0.6 % of random vitrinite reflectance (Rr% or Ro%), 
where hydrocarbons begin to form and occupy pores spaces (Taylor et al., 1998). As the 
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temperature increases, hydrocarbons are expelled from the pores, leaving empty pores, and 
sometimes forming more pores.  
 
 
Figure 1.7. Changes in coal characteristics at different rank stages (after Diessel, 1992) 
 
 
Figure 1.8. Relationship between of total porosity and rank in coal (after Mares et al., 
2009) 
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Figure 1.9. Pore volume and rank relationship in coal. A). From Levine (1993), B). From 
Moore (2012) 
 
The macerals that comprise different coal types are summarised in Table 1.1 and are 
described here prior to discussing their porosity. Coal type reflects the depositional 
environment of peat accumulation, the vegetation type and biogeochemical degradation of 
organic components prior to burial (O’Keefe et al., 2013; Suárez-Ruiz and Crelling, 2008; 
Stach, 1982). It is expressed by the microscopic constituents – macerals, where three 
groups are defined: huminite/vitrinite, inertinite and liptinite (Suárez-Ruiz and Crelling, 2008; 
Taylor et al., 1998; Thomas, 2012). Huminite terminology is used for low rank coal 
(lignite/brown coal), whereas vitrinite is used for higher rank (ICCP, 1998; Sýkorová et al., 
2005). For liptinite and inertinite, the terminology remains the same for all coal ranks (ICCP, 
2001; Taylor et al., 1998). 
Vitrinite-rich coals are dominated by micropores, whereas in inertinite-rich coals, meso- and 
macropore sizes prevail (Flores, 2014; Moore, 2012; Rodrigues and Lemos de Sousa, 2002; 
Taylor et al., 1998; Thomas, 2012). Research by Adeboye and Bustin (2013) on sub-
bituminous to high volatile bituminous coals from Western Canada Sedimentary Basin 
showed that coal with high vitrinite content has a high total pore area due to the abundance 
of micropores. Furthermore, Mastalerz et al. (2008a) in their study on high volatile 
bituminous coal from Indiana, found that the vitrain lithotype (vitrinite-rich) has the largest 
micropore surface area (110.5-124.4 m2/g), whereas fusain (fusinite-rich) has the smallest 
(72.8-98.2 m2/g). This implies that vitrain has more adsorption capacity than fusain. The 
variability of vitrain porosity, relative to the starting plant material has always been discussed 
but rarely if ever tested, mainly because of the difficulty in identifying the extinct plant 
precursors to the vitrinite group macerals.  
 
12 
Table 1.1. Macerals and their groups in coal (ICCP, 1998, 2001; Sýkorová et al., 2005; 
Taylor et al., 1998) 
Group Sub Group Maceral Characteristics 
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Telohuminite/ 
Telovitrinite 
Textinite/Telinite Primary cell walls structure still 
distinguishable, cell lumen open, 
isotropic, variable fluorescence 
Ulminite/Collotelinite Amorphous (gel or gelified tissue), high 
degree of humification. 
Detrohuminite/ 
Detrovitrinite 
Attrinite/Vitrodetrinite Very early degradation plant and humic 
peat particles 
Densinite/Collodetrinite Amorphous (gel or gelified detritus), 
more packed than attrinite 
Gelohuminite/ 
Gelovitrinite 
Corpohuminite/Corpogelinite Globular to tabular morphologies, 
without structure, without fluorescence, 
cell fillings.  
Gelinite/Gelinite Homogeneous structureless or porous, 
it can fill cavities of other maceral, 
without fluorescence. 
Liptinite Sporinite Spores, pollen 
Cutinite Cuticles 
Resinite Resin, waxes, latex 
Alginite Algae or bacterial 
Suberinite Suberinized cell walls (cork) 
Chlorophyllinite Chorophyllic pigment 
Fluorinite Plant oils/vegetable oil 
Bituminite Amorphous (bacterial, algal, faunal) 
Exsudatinite Secondary exudates from hydrocarbon 
substances and liptinite macerals 
Liptodetrinite Detritus 
Inertinite Fusinite Cell walls (charred, oxidized) 
Semifusinite Cell walls (partly charred, oxidized) 
Funginite Fungal spores, ovoid bodies of fungal 
remains  
Secretinite No totally clear, oxidation product of 
resins, humic gels. 
Macrinite Amorphous gel (oxidized, metabolic) 
Micrinite Secondary relics of oil generation 
(mainly), coalification product, very fine 
grain material. 
Inertodetrinite Detritus, without structure, fragment of 
size < 10 microns 
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Porosity of coal has an effect on its reservoir characteristics. It is important to remember that 
coal stores gas in a different way than conventional reservoirs. In sandstone gas is stored 
as free gas in the pore space between the sand grains. In coal, gas is adsorbed onto surface 
area of the micropores inside the coal matrix. This means coal can hold more gas than 
conventional reservoirs. However, most of the micropores in coal are closed pores. This 
makes the gas difficult or even impossible to flow due to its low permeability compared to 
conventional reservoir. Gas desorption is initiated through a drop in pressure achieved by 
pumping or releasing water out of the cleat system. Driven by concentration gradients, the 
initial phase of diffusion is affected by the pore system. Therefore, gas production is a 
combination of gas diffusion through micropores then mesopores matrix into larger cleat and 
a fracture system where flow occurs. Thus, a comprehensive understanding is needed, not 
only of pore size distribution but also the open and closed nature of pores, as a measure of 
their connectivity potential. 
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2. Samples and their Geological Setting  
2.1. Sample selection 
Seven coal samples with different rank and one wood sample were selected for this study 
(Figure 2.1).  The coal samples come from New Zealand coalfields of Cretaceous age (MH 
Zone PM2) and the modern wood was Huon Pine from Tasmania (Table 2.1). Palynological 
studies by Ward et al. (1995) on Cretaceous coal seams near Greymouth, New Zealand, 
demonstrated that these coals contained Phyllocladidites mawsonii (i.e. conifer) that is 
thought to be a relative of the living Huon Pine. Given the objectives of this study, this set of 
coal samples and wood were chosen due to:  
i) availability of a coal rank suite (supplied by Newman Energy, Christchurch, NZ) 
with abundant vitrain bands interpreted to derive from Huon Pine and a wood 
sample courtesy of Tasmanian Special Timbers, Strahan, Tasmania;  
ii) accompanying geochemical information as plotted in the Suggate Chart (Suggate, 
2000); Figure 2.2).  
The vitrain bands were hand-picked from the coal samples. These bands are mainly 
composed of telovitrinite subgroup which are derived from parenchymatous and wood 
tissues (ICCP, 1998; Taylor et al., 1998). This was verified by petrographic analysis (see 
Chapter 4).  
 
Figure 2.1. Coals and wood samples that used in this study 
 
The samples were collected from drillholes and outcrop as part of a thesis study by Ward 
(1994) and were stored at Newman Energy (see Table 2.1). There was no special treatment 
JE 05
JE 09
Vitrain bands
JE 11
JE 01 JE 03
JE 06 JE 10
Huon pine
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to the samples storage. The samples were wrapped using aluminium foil before being 
placed inside a plastic box. Sample locations are also shown and located on the map in  
Figure 2.3. The proximate analyses shown in Table 2.2 illustrate the rank and grade of the 
coal. In general, coal samples are high grade coal with relatively low ash yields, but high 
moisture content except for JE 10 and JE 11 with 0.9% and 7.1% (adb), respectively. Sample 
JE 05 is lowest rank in the coal suite with highest moisture content by 30.6% (adb) and 
lowest fixed carbon content by 33.8% (adb), whereas JE 11 with 7.1% (adb) of moisture and 
66.7% fixed carbon (adb), is the highest rank. Calorific value ranged from 18.92 MJ/kg (adb) 
to 34.1% (adb). Data for these coals plotted in the Suggate chart (Suggate, 2000) shows 
that the coal suite falls into the New Zealand coal band and ranges in rank from lignite to 
bituminous coal (Figure 2.2). 
 
Table 2.1. Source of coal samples used in this study (after Newman, 2014) 
 
 
Table 2.2. Proximate analysis and calorific values from bulk coal samples associated with 
the blocks received for this study (Newman Energy, 2014, unpublished) 
 
 
 
No Sample Drillhole/outcrop Depth (m) Sampling Location NZ miospore zone
1 JE 01 Drillhole JY9 115.8 Northern Southland, New Brighton Colleries, 
Nightcaps area
2 JE 03 Drillhole OM4 846.22 - 846.32 Northern Southland, Ohai Area
3 JE 05 Drillhole Kai-15 274 Otago,  Kaitangata 
4 JE 06 Drillhole 1071 n/a Greymouth Coal field, Spring Creek Mine,  
Rewanui main seam
5 JE 09 Outcrop 0 Greymouth Coalfields, Strongman #1 Mine
6 JE 10 Outcrop 0 Greymouth Coalfields, Liverpool #3 Mine, Sub 
Morgan Seam
7 JE 11 Outcrop 0 Greymouth Coalfields, Roa mine c. 1990, 
various positions in the basal Rewanui Seam
Mh zone, PM2
1 JE 01 26.2 7.3 31.1 35.4 18.92
2 JE 03 16.5 3.1 34.7 45.7 25.44
3 JE 05 30.6 4.5 31.1 33.8 19.64
4 JE 06 23.2 5 34.4 37.4 21.8
5 JE 09 10.6 4.1 38 47.3 29.02
6 JE 10 0.9 4.7 35.2 59.2 34.1
7 JE 11 7.1 6.9 19.3 66.7 31.65
Fixed 
Carbon 
(adb, %)
Calorific 
Value     
(adb, MJ/kg)
Moisture 
(adb, %)
Ash 
(adb,%)
Volatile 
matter 
(adb, %)
No
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Figure 2.2 Variation in the rank of the New Zealand coal samples illustrated by plotting on 
a Suggate chart (Suggate, 2000). 
 
2.2 Geological Setting 
The coal samples were taken from different locations:  
i) two samples (JE 01 and JE 03) from Ohai Coalfield;  
ii) one sample (JE 05) from Kaitangata Coalfield; and  
iii) the rest of the samples (JE 06, JE 09, JE 10, JE 11) from Greymouth Coalfield.  
All of the samples are Late Cretaceous to Paleocene (Mh zone PM2 on New Zealand 
miospore zones) in age (Sherwood et al., 1992; Table 2.1).  
The sub bituminous samples (JE 01 and JE 03) were taken from the Morley Coal Measures 
located in the Nightcaps-Ohai area, located in the southern part of the South Island of New 
Zealand (Figure 2.3). These coal measures have been interpreted to have formed in a 
braided plain to distal alluvial fan paleo environments with 3 to 8 m thick coal seams. The 
Morley Coal Measures were deposited within a pull apart intermontane basin that formed 
during the separation of Australian and New Zealand through the Tasman Sea opening 
(Shearer, 1995). In some places, coal seams reach thicknesses of up to 23 m. The Morley 
coals were deposited between the New Brighton Conglomerate and Beaumont Coal 
Measures ; Sherwood et al., 1992;Figure 2.4). Morley coal seams usually contain sulphur 
and ash less than 0.6% and 8%, respectively. The rank of coal in the Morley Coal Measures 
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ranges between subbituminous C (ASTM) at the eastern end of Ohai Coalfield to 
subbituminous A/high volatile C bituminous at west and southwest of Ohai Township. 
Maceral composition is dominated by vitrinite (averaging 89%, mineral matter free basis - 
mmf), liptinite (6 %, mmf) and inertinite (5 %, mmf).  
The lowest rank sample (brown coal/lignite, JE 05), originated from the Taratu Formation in 
the Kaitangata Coalfield (Figure 2.3). This formation is up to 1,500m thick with 500 to 700 
m of coal-bearing strata in the upper part. The Taratu Formation was interpreted to have 
deposited in a fluvial plain to deltaic plain environment. Coals within this coalfield have a 
rank from lignite to subbituminous C (ASTM), with an ash content generally less than 10% 
(bed-moist basis). Most of the coal contained more than 70% huminite with variation in 
liptinite and inertinite maceral group content (Sherwood et al., 1992).  
The higher rank samples JE 06, 09, 10 and 11 were taken from Paparoa Coal Measures at 
Greymouth Coalfield that located at the northwest part of South Island of New Zealand 
(Figure 2.3). It is considered to have accumulated in a rifted basin infilled by a fluvial system 
(Newman, 1985). This Late Cretaceous coal measures are conformably overlain by Eocene 
age Brunner Coal Measures (Sherwood et al., 1992). Greymouth Coalfield has a complex 
structure (Figure 2.5). Faults were found at the eastern and western limb displaying a 
displacement ranging from 150 to 300m. Coal rank ranges from high volatile C bituminous 
to low volatile bituminous. This coal variation in coal rank is attributed to burial beneath a 
laterally varying thickness of Lower Tertiary cover (Sherwood et al., 1992). The Paparoa 
coals are also dominated by vitrinite with lesser amounts of liptinite and inertinite (mostly 
under 10% each). 
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Figure 2.3. Location of the samples (modified from Sherwood et al., 1992) 
 
 
Figure 2.4. General stratigraphic column for Ohai, Greymouth and Kaitangata Coalfields 
(modified from Sherwood et al., 1992) 
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Figure 2.5. Simplified illustration on structure at Greymouth Coalfield (after Sherwood et 
al., 1992) 
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3. Methods of analysis  
This chapter will discuss the details of methodologies applied in this study. These 
methodologies were divided into microscopic analysis (organic petrography and scanning 
electron microscopy (SEM)), ultimate analysis, density analysis using helium, gas 
adsorption (low pressure adsorption using nitrogen and carbon dioxide, and a high pressure 
adsorption using methane and carbon dioxide), and small/ ultra-small angle neutron 
scattering (SANS/USANS).  
3.1 Microscopic analysis  
The microscopic analyses that were performed in this study were petrography and scanning 
electron microscopy (SEM). The petrographic analysis was used to identify cell 
characteristics in the wood sample and to determine maceral composition and vitrinite 
reflectance (Rr%) of the vitrain samples. In addition, changes in cell structure with increasing 
coalification were investigated by etching the vitrain suite samples to reveal structure. To 
have a better understanding of cell and pore structure appearances, samples were 
investigated under SEM to illustrate the cell and meso pore structure in wood and if possible, 
in the vitrain.  
3.1.1. Petrographic analysis 
 3.1.1.1. Sample preparation 
Prior to microscopic analysis, small pieces of vitrain bands were handpicked avoiding the 
mixed composition durain or duller layers of the coal samples. The recommendations from 
ASTM D2797-11a (2011) for coal sample preparation were followed where possible, 
although some adaptations were required. To avoid the cell structure damage, the samples 
were not ground to pass the 1mm sieve (Moore and Swanson, 1993). The small vitrain 
pieces, ranging from 2 to 20 mm, where placed in a mould with a transverse orientation, 
which allowed us to more easily identify cell structure and determine maceral composition. 
Afterward, all samples were embedded with epoxy resin and left overnight until the resin 
was dried. The next stage was polishing all of the samples using an automated polisher 
Struers TegraForce-V (Figure 3.1.) to produce samples with relief free surfaces as 
recommended by the standard ASTM D2797-11a (2011). After polishing, the samples were 
dried for another 24 hours before petrographic analysis was conducted. 
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Figure 3.1. Struers TegraForce-V that used for polishing organic petrographic block 
samples. 
 
3.1.1.2 Maceral and reflectance analyses 
Maceral composition and vitrinite random reflectance (Rr%) analyses were conducted on 
the polished block vitrain samples using a Leica DM 6000M microscope with a Hilgers 
Diskus Fossil system (Figure 3.2). This microscope was equiped with a reflective halogen 
white and mercury fluorescent light (Leica EL6000), 10x ocular magnification, with objectives 
of 5x, 10x, 20x and 40x magnification in air and 20x to 50x in oil immersion.  
The maceral composition was determined by point counting 500 macerals under oil 
immersion following ASTM D2799 (2013) standard procedures whereas the vitrinite 
reflectance was determined following the recommendations of ASTM D 2798 (2011) 
standard. For low rank coal (Rr < 0.4%), vitrinite maceral nomenclature followed the 
classification of huminite - ICCP system 1994 (Sýkorová et al., 2005), whereas, for higher 
rank of coals (Rr > 0.5%), the new vitrinite classification – ICCP System 1994 (ICCP, 1998) 
was applied (Table 1.1).  The system used if the value of reflectance fell between 0.4% and 
0.5%, to decide was based on the presence of the texture of huminite vs vitrinite.  
 
3.1.1.3 Etched phyteral analysis 
The block samples used for maceral composition and reflectance measurements were also 
used for phyteral analysis. For phyteral analysis, all vitrain samples were etched to remove 
the gel that masked the plant material as a result of the coalification process (Lapo and 
Drozdova, 1989), and hence, the plant structure  could be investigated (Lapo and Drozdova, 
1989; Moore and Swanson, 1993; Van de Wetering et al., 2013).  
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The etching procedure was divided into 2 stages; light oxidation and a cleaning process as 
recommended by ASTM standard D5671-95 (2011).  
 Light oxidation was performed by using an etching solution that contained 25 g 
potassium permanganate, 5 ml concentrated sulphuric acid and 100 ml water (Moore 
and Swanson, 1993).  This solution was heated until boiling point, and a small portion 
of boiled etching solution (about 20-30 ml) was poured into petri dish. For higher rank 
coal, more time was needed to etch the samples properly (Figure 3.3). For example, 
the lowest rank coal with 0.39% Rr was etched for approximately 10 seconds, while 
the highest rank one with 1.49% Rr was etched for approximately 55 seconds.  
 Cleaning process was performed by submerging the  sample block into a cleaning 
solution that contained 25 g sodium sulphite, 5 ml concentrated sulphuric acid and 
100 ml water for 1 minute before being cleaned in an ultrasonic water bath (Moore 
and Swanson, 1993; Van de Wetering, 2014).  
All etched samples were observed by using a Leica DM 6000M microscope in air using 5x, 
10x, 20x and 40x objectives. Phyteral investigations were carried out and compared with 
cell structure of Huon pine wood.  
 
 
Figure 3.2. Leica DM 6000M microscope with Hilgers Diskus Fossil system at the 
University of Queensland that was used for organic petrography and phyteral analyses. 
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Figure 3.3. Etching time for coal on the basis of measured vitrinite reflectance (from ASTM 
D5671-95 (2011)). 
 
3.1.2. Scanning Electron Microscope (SEM) 
3.1.2.1. Sample preparation 
Scanning electron microscopy (SEM) was performed on a piece of Huon pine wood, as well 
as selected polished block samples used for petrographic analysis, and on a selected piece 
of unprepared vitrain sample. All of the samples were placed onto sample holder with a 
carbon tape to hold the samples. This carbon was used to reduce charging build up that 
made a picture over contrast. Gloves were used all the time when the samples were 
prepared to avoid contamination. All the preparation was conducted at the School of Earth 
Sciences, The University of Queensland. 
 
3.1.2.2. SEM observation 
SEM analysis was conducted using a Hitachi TM3030 instrument (Figure 3.4). This 
instrument is known as a Tabletop Microscope (Benchtop SEM) (www.hitachi-
hightech.com/global/tm/). Unlike regular SEM instruments, the Hitachi TM3030 does not 
need coated samples to reduce charge build up. Two modes, secondary electron (SE) 
emission and backscattered electron (BSE) emission, were used in this observation. 
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Figure 3.4. Hitachi TM3030 tabletop Microscope (Benchtop SEM) that used in this study. 
 
3.2 Ultimate Analysis 
Ultimate analyses were carried out to determine the content of carbon, hydrogen, nitrogen 
and sulphur (Speight, 2005). Seven vitrain samples were crushed until they passed 212 µm, 
while for the Huon pine wood sample, sawdust was collected and used as a sample. The 
samples were also sent to Australian Laboratory Services (ALS)for ultimate analyses –
Carbon (C), hydrogen (H), and nitrogen (N) were tested under air dried basis (adb) by using 
Australian Standard AS1038.6.4 (2005). Total sulphur (S) was also determined by ALS 
using Australian Standard AS1038.6.3.3 (1997). Ash contents were determined using 
Australian Standard AS1038.3 (1998). Oxygen (O) content was derived by using equation: 
O = 100 – (C + H + N + S + ash) (Speight, 2005). 
 
3.3. Density Analysis  
The density analysis performed in this study was true density analysis. Coal true density is 
“the mass divided by the volume occupied by actual pore-free solid in coal” (Speight, 2005). 
For this analysis, 1 gram of each vitrain samples each was crushed until passing 212 µm, 
whereas a wood sample was sliced into a mm block size. All of the samples were placed 
into an oven with the temperature of 100°C overnight to remove moisture, and then sent to 
Chemical Engineering labs, at The University of Queensland, for analysis. Density was 
analysed by using Micromeritics AccuPyc II 1340, helium pycnometer (Figure 3.5). Helium 
gas was used for this analysis because it is not considerably adsorbed by coal at room 
temperature, hence it can give more accurate determination (Speight, 2005). The samples 
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were purged with the helium gas 50 times in the pycnometer to remove air and moisture. 
The true density was determined from an average of ten measurements on each individual 
sample.  
The density data from this measurement were used to calculate specific length density 
(SLD) that was used for the small/ultra-small neutron scattering calculation.  
 
 
Figure 3.5. Helium pycnometer AccuPyc II 1340 instrument (www.micromeritics.com) 
 
3.4. Pore structure analysis 
This study used two different methods of pore structure analysis; gas adsorption and 
small/ultra-small angle neutron scattering (SANS/USANS). These methods each have their 
own advantages. Gas adsorption is the most common method, but it only covers a selected 
range of pore sizes depending on the type of gas used as an adsorbate. The other drawback 
is that this method only measures open pores. On the other hand, SANS/USANS method 
can cover a wide range of pore sizes from micro- to macropores and is able to measure 
open and closed pores, however, the measurements require a sophisticated instrument 
resulting in less popularity.  
 
26 
3.4.1. Gas Adsorption 
For gas adsorption methods, low and high pressure gas adsorption were used. The low 
pressure gas adsorption using nitrogen at temperature 77 K (-196.150C) and carbon dioxide 
at 273 K (00C), was employed to investigate the changes in pore structure ranging from 
wood to vitrain at different ranks. The high pressure gas adsorption (adsorption isotherm) at 
temperature of 320C using methane and carbon dioxide was used to determine the 
maximum gas sorption capacity of the vitrain suite. Furthermore, the adsorption isotherm 
was also applied to investigate the relationship between gas sorption capacity and pore 
structure. The experiments were conducted at Chemical Engineering labs, at The University 
of Queensland. However, the result on low pressure carbon dioxide adsorption and high 
pressure methane and carbon dioxide adsorption did not give a significant contribution to 
this study. The result from low pressure carbon dioxide adsorption and high pressure 
methane and carbon dioxide adsorption can be found in the appendix A and B, respectively. 
3.4.1.1. Low pressure nitrogen adsorption  
Nitrogen (N2) adsorption were performed by a discontinuous static volumetric method using 
the Micromeritics TriStar II 3020 instrument (Figure 3.6). Nitrogen adsorption is commonly 
used to measured pores > 2 nm on coal for porosity studies (Clarkson and Bustin, 1999; 
Mastalerz et al., 2008a, 2008b). Nitrogen is believed not to effectively access micropores 
due to a process called “activation diffusion effect” (Clarkson and Bustin, 1999), where “a 
significant activation energy for diffusion must be overcome by nitrogen molecule before 
entry into fine pores” (Clarkson, 1994).  
 
Figure 3.6. Micromeritics TriStar 3020 instrument used for low pressure adsorption using 
nitrogen and carbon dioxide gas. 
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The flow chart of the experiment is presented in Figure 3.7. The wood sample was prepared 
by slicing it into 2 mm blocks; whereas vitrain bands were picked from coal samples. All of 
the samples were kept overnight at 800C in an oven. The vitrain samples were then crushed 
until passing 212 µm sieve. Around 0.5 g of each sample was used in the experiment. Next, 
all of the samples were placed into a glass tube and degassed for 24 hours or more by using 
a Micromeritics TriStar 3020 instrument under vacuum condition at 80 – 1070C. The samples 
were kept in the instrument until there was no change in the system conditions. The 
temperature set in this experiment was intended to remove moisture content while avoiding 
damage to the pore structure inside the sample. The next step was to weigh the samples 
and the tubes to calculate the weight for the analysis before they were placed into the 
instrument.  
 
 
Figure 3.7.Flow chart on low pressure adsorption experiment.  
 
During the analysis, the manifold, sample tubes, and the P0 tube are evacuated. After a 
sufficient vacuum has been achieved, the manifold is filled with helium and then the sample 
is opened to determine the warm free space of the sample. The elevator is raised and the 
samples are cooled to nearly 77 K. This allows the free space to be determined at the 
analysis temperature. Once the free space analysis is finished, the saturation pressure of 
the adsorptive is determined using the P0 tube. Typically nitrogen is dosed into the tube 
above atmospheric pressure. The nitrogen is allowed to condense and the vapor pressure 
of the nitrogen is easily monitored by a transducer throughout the analysis. 
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The adsorption isotherm is rapidly collected by using the servo valve to dose nitrogen into 
the manifold. The pressure and temperature of the nitrogen are recorded, a sample port is 
opened, and the nitrogen is allowed to adsorb onto the sample. The quantity of nitrogen 
removed from the manifold is recorded as the quantity dosed. The sample valve is then 
closed and the adsorption is allowed to proceed to equilibrium. The equilibrium time is 30 
seconds. The quantity adsorbed can be calculated from the quantity dosed minus any 
residual nitrogen in the sample tube. Low pressure nitrogen experiments were performed at 
77 K (-196.150C). 
The quantity of gas adsorbed per unit mass was expressed as moles or cubic centimetre 
per gram (S.T.P) as a function of relative equilibrium pressure (P/P0). The quantity of gas 
adsorbed was plotted against relative pressure (P/P0) to produce isotherm patterns, the 
shape of which provided information about types of pores presenting within the samples 
(Sing, 1982). 
According to Sing et al. (1985), there are six types of isotherms (Figure 3.8). The differences 
on each type are described as follows:  
 Type I Isotherm. This type has a concave shape as consequence of microporous 
solids having relatively small external surface. Accessible micropore volume has 
limited the uptake in the sample. 
 Type II Isotherm. This shape is a normal shape of a non-porous or a macroporous 
material. In this type, adsorption /desorption follows the same path and represents a 
monolayer-multilayer adsorption. 
 Type III Isotherm. This type of isotherm is uncommon. It is characterized by the 
convex shape of P/P0 axis.   
 Type IV Isotherm. This type of isotherm has a hysteresis loop distinction. This loop is 
associated with capillary condensation in mesopores (Clarkson, 1994) and limiting 
uptake over range of high pressure (P/P0).  
 Type V Isotherm. This type is related to Type III. Interaction between adsorbent and 
adsorbate is weak, but is obtain with certain porous adsorbents. This type of Isotherm 
is rare (Clarkson, 1994) 
 Type VI Isotherm. This type represents multilayer adsorption on uniform non-porous 
surface. 
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Figure 3.8. Types of isotherm shapes (from Sing et al. (1985)) 
 
Some of the types are distinguished by the hysteresis (Figure 3.9). Hysteresis arises when 
the adsorption and desorption curves do not coincide (Sing et al., 1985). This phenomenon 
is usually related with capillary condensation in mesopore structure. The type of hysteresis 
is presented in Figure 3.9. The shapes of hysteresis are often identified as a specific pore 
structure, in this case; pore shape (Sing et al., 1985), as such: 
 Type H1 loops are associated with agglomerates (“an assemblage of particles rigidly 
joined together”) of uniform spheres with a narrow pore size distributions. 
 Type H2 loops are associated with the system where the distribution of pore size and 
shape are not well defined (Sing et al., 1985). In the past, this type of hysteresis was 
well-known as bottleneck pores. 
 Type H3 loops are associated with “plate-like particles” promoting a slit-shaped 
pores.  
 Type H4 loops are associated with narrow slit pores but the type I isotherm character 
shown a microporosity indication.  
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Figure 3.9. Different type of hysteresis loops (after Sing et al. (1985)) 
 
Surface area, pore volume, and pore size distribution were calculated automatically by the 
software of Tristar II 3020 V1.03 on Micromeritics Tristar II 3020.  
 
3.4.2. Small/Ultra Small Neutron Angle Scattering (SANS/USANS)  
The SANS and USANS experiment were conducted in two different places. The SANS 
measurement was performed at Oak Ridge National Laboratory (ORNL) in the USA using 
the General Purpose Small-Angle Neutron Scattering  Diffractometer (GP-SANS), while the 
USANS was conducted using ultra-high-resolution small-angle neutron scattering at the 
National Institute of Standards and Technology (NIST), USA.  The SANS and USANS 
experiment were conducted by Dr. Tomasz Blach from Queensland University of 
Technology through a grant of beam time to Esterle and Blach (2014).  
The SANS instrument at Oak Ridge National Laboratory provided information about the 
structure and interactions in materials with size 5 – 2,000Å by a using neutron wavelength 
5 – 20Å (Figure 3.11).  The distance between sample and detector varied from 1 – 20 metres 
with off-set horizontally up to 45 cm. This specification provided an accessibility to detect Q 
(Scattering vector) ranging from 0.0007 to 1 Å-1 (https://neutrons.ornl.gov/gpsans), where Q 
= (4π/λ) sin (θ/2). λ is neutron wavelength and θ is the scattering angle (Sakurovs et al., 
2012). In contrast, the USANS instrument at NIST employed 2.38Å wavelength neutron and 
had a measurement ranging from 3 x 10-5Å-1 to 5 x 10-3Å-1 in the scattering wave vector (Q) 
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that could provide an information of a structure from a range size of 0.1 nm to 0.1 µm (Barker 
et al., 2005).  
The experiment is conducted in two series; the first one is on vacuum condition while the 
second one is under zero average contrast (ZAC) condition. Firstly, samples were measured 
under the vacuum condition. In this condition, both open and closed pores are measured. 
Secondly, samples were measured under the zero average contrast (ZAC) condition. This 
condition was achieved by injecting a pore invading fluid (usually deuterated methane, CD4) 
into the material using an increasing pressure until contrast matching between the pores 
and material is fulfilled. The scattering intensity from pores that were occupied by the 
invading fluid was annulled leaving a scattering value from inaccessible or closed pores 
(Figure 3.10). These two measurement were conducted to determine the ratio of 
inaccessible to accessible pores or open/closed pores. The method was described by 
Melnichenko et al. (2012) and Sakurovs et al. (2012). The measurement of open pores and 
closed pores in coal is important because it is related to gas diffusion, which is the first step 
in coalbed methane / coal seam gas production.  
In both experiments a small fragment of vitrain at different ranks and wood were used. Those 
samples were put into a disk (<1mm) (Figure 3.12) and fired with a neutron beam with known 
thermal neutron of fixed wavelength and intensity (Figure 3.13). The angle of neutron 
scattering after passing the samples is detected by the detector at the end of the 
SANS/USANS instrument (Figure 3.13). The data is then gathered into scattering vector (Q) 
and scattering intensity (I(Q)). Small pores will scatter the neutrons at a bigger angle than 
large pores (Sakurovs et al., 2012).  
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Figure 3.10. Illustration on contrast matching experiment using fluid on porous system. A) 
All pores are accessible to invading fluid; B) Part of the pore space is invading by contrast-
matching fluid. The residual scattering from this condition can be used to determine 
fraction of open and closed pores (from Melnichenko et al., 2012). 
 
Figure 3.11. SANS instrument at Oak Ridge National Laboratory (photo by Tomasz Blach 
(2015)). 
 
Detector
Sample holder
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Figure 3.12. Sample disk inside the sample holder for SANS measurement. A) Wood 
sample; B) vitrain sample (photo by Tomasz Blach (2015)).  
 
 
Figure 3.13. Illustration of SANS/USANS measurement (after Sakurovs et al., 2012) 
 
The SANS/USANS data sets gathered from NIST and Oak Ridge were then processed using 
PRINSAS software. This program was created by Geoscience Australia (Hinde, 2004). 
Version 2.22 of PRINSAS software was used in this study to process SANS/USANS data. 
However, since this program was created in 2002 and has not been updated so far, 
additional effort was needed to make it work properly, with direct assistance from the 
programmer.  
The flow chart of SANS/USANS data processing is presented in Figure 3.14.  
A B
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Figure 3.14. Flow chart on SANS/USANS data interpretation  
 
There are two major drawbacks on this software. Firstly, this program only works properly 
under the Windows XP platform. Other than this operating system, the program can be 
installed but does not work properly and crashed occasionally. Secondly, the program needs 
a specific Microsoft Excel version. Since PRINSAS used solver inside Excel to calculate 
most of the data (e.g. pore size distribution, porosity), the Microsoft Excel program is 
needed. Although the PRINSAS installation guide says that for the Excel versions later than 
Excel 97, that the installation can be done by copying the Solver file in to the PRINSAS 
installation directory (Figure 3.15), this step is useless if the Excel version is not the correct 
one (Figure 3.16). After trial and error, and consultation with Alan Hinde (the PRINSAS 
programmer), PRINSAS worked perfectly under combination of Windows XP and Microsoft 
Office 2003.  
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Figure 3.15. Initial progress on PRINSAS installation process. Solver add on in Microsoft 
excel is needed for PRINSAS installation. 
 
Figure 3.16. Some of the functions that do not work in PRINSAS because if the incorrect 
version of Microsoft Excel is installed.  
 
Also, when using SANS/USANS data, the background subtraction of the data needs to be 
considered. SANS/USANS used neutrons for the measurements. Neutrons are highly 
affected by hydrogen in the compositional structure of the samples which, consequently, 
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affects the result of the scattering vector at high Q value. Therefore, the background 
subtraction is needed to normalize the data so it will not affect the porosity calculation 
(Bahadur et al., 2015). Figure 3.17 shows an example of the SANS/USANS data before and 
after background subtraction. The differences can be seen in the high Q value. Before 
background subtraction, the data trend with a high Q value (highlighted with red circle in 
Figure 3.17) tends to go horizontally, but after background subtraction, most of the data 
followed the general trend of scattering vector decreasing with scattering intensity. 
 
 
Figure 3.17. Example of plotting between scattering vector (Q) with scattering intensity, 
I(Q), on the PRINSAS software.  
 
Using PRINSAS software, the relationship between scattering intensity (I(Q)) and scattering 
vector (Q) could be produced (Figure 3.17). Since every material had a distinctive 
composition, scattering length density (SLD) of the material needed to be known in order to 
obtain pore size distribution, specific surface area and total porosity. Scattering length 
density is “obtained from the strength of interaction between neutrons and all nuclei 
contained in the unit volume of sample. For some nuclei, notably hydrogen, the SLD value 
is negative” (Sakurovs et al., 2012). To SLD were calculated using chemical composition 
and mass density of the samples by using Equation 1 from Radlinski (2006).  
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𝜌𝑛 =
𝑁𝐴.𝑑
𝑀
∑ 𝑝𝑗(∑ 𝑠𝑖𝑏𝑖𝑖 )𝑗𝑗         Equation 1 
where :   𝑁𝐴 is Avogadro’s number 6.022 x 10
23 
  𝑑 Is density in g/cm3 
  M is Pseudo-molar mass 
  𝑠𝑖 is the proportion of numbers of nucleus i in the compound j 
  𝑝𝑗 is the proportion of numbers of the compound j in the mixture 
  𝑏𝑖 is the coherent scattering amplitude for nucleus i 
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4. Petrographic and Chemical Characterization 
4.1 Petrographic character of wood and vitrain 
Petrographic analysis was performed on all vitrain suite samples to investigate cell structure 
in the wood and maceral composition and rank by vitrinite reflectance in the coals. Vitrain 
samples were etched to reveal the cell structure beneath the gelified part to observe and 
identify the cell structure of plant material and its changes as a result of the coalification 
process. This qualitative information was used to help to interpret the geochemical and 
porosity results of the samples.  
4.1.1. Organic petrography of wood and vitrain 
4.1.1.1.  Wood Sample  
The sample of Huon pine was analysed similarly to a coal sample, as a polished block under 
reflected light to assist the identification of cell structure that might appear in etched 
collotelinite in coal samples. Huon pine wood is classified as a softwood and is included in 
gymnosperms plant group (Kollman and Côté, 1968; Stalnaker and Harris, 1989). 
Macroscopically, it has a golden brown colour and a straight grain. A radial section of the 
sample shows fine and uniform textures (Figure 4.1A). Further examination under the 
microscope using an air objective and magnification of 5x shows a similar width of growth 
rings around 370 µm (Figure 4.1B). The diameter of tracheids ranges from 18 to 21 µm and 
they are arranged in a simple, straight alignment that is observable at 10x, 19x and 40x air 
objective magnification (Figure 4.1B, C and D). Early wood and late wood can be easily 
differentiated (Figure 4.1C). Early wood has larger cells than late wood, related to 
seasonality and growth rates. Ray cells are visible, although it can determined whether the 
cells are multiseriate or not (Figure 4.1D). Resin ducts were not observed in this wood 
sample. Tracheid wall thickness ranged from 1 to 3 µm with lumen diameters ranging from 
15 to 20.5 µm. Some of these tracheids were filled with fibres as a result of the polishing 
process. 
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Figure 4.1. Huon pine wood under macroscopic and microscopic view. 
 A) Macroscopic view.  
B) Under microscope with air objective with 5x.  
C) with air objective 19x and  
D) with air objective 40x magnification. 
 
4.1.1.2. Un-etched vitrain samples 
The result of petrographic analyses on the vitrain suite are presented in Table 4.1. Random 
vitrinite reflectance value ranges from 0.39% for JE 05 to 1.49% for JE 11. This vitrinite suite 
ranges between brown coal and medium volatile bituminous (Diessel, 1992). The maceral 
composition reflects the sampling consistency by picking only vitrain bands. All the samples 
are mainly composed of vitrinite groups macerals, as expected.  
Table 4.1 presents the vitrinite content of the vitrain suite that ranges from 85 % (0.45% Rr) 
to 100% (0.91% and 1.49% Rr). Based on ICCP classification on huminite and vitrinite group 
macerals, most of the samples have ulminite/collotelinite as a major maceral except for JE 
05, JE 06 and JE 09. On JE 05, the dominant maceral is corpohuminite/ corpogelinite while 
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on JE 06 and JE 09 it is textinite/telinite. Note that the percentage of telinite content 
increases with rank until 0.60% Rr before decreasing coincidentally with increasing rank 
(Figure 4.2). 
 
Table 4.1. Petrographic analysis on vitrain suite samples. 
 
 
 
Figure 4.2. Percentage of vitrinite group macerals within vitrain suite at mineral matter free 
(mmf) basis. 
 
The textinite/telinite maceral is distinguished by the cell wall of more-or-less intact plant 
tissue (ICCP, 1998). The term textinite is used for low rank coal (Rr <0.40%) while telinite 
Vitrinite 
(Vol.%)
Liptinite 
(Vol.%)
Inertinite 
(Vol.%)
Rr (%) SD N
Textinite/ 
Telinite
Ulminite/ 
Collotelinite
Corpohuminite/ 
Corpogelinite
Collodetrinite
1 JE 05 98 1 1 0.39 0.02 31 23.96 2.08 73.96 0.00
2 JE 01 85 9 6 0.45 0.02 60 30.38 54.43 15.19 0.00
3 JE 03 96 3 1 0.54 0.02 56 26.60 48.94 23.40 1.06
4 JE 06 99 0 1 0.60 0.02 52 84.69 5.10 3.06 7.14
5 JE 09 100 0 0 0.66 0.03 59 64.00 6.00 30.00 0.00
6 JE 10 91 9 0 0.91 0.04 50 13.33 86.67 0.00 0.00
7 JE 11 100 0 0 1.49 0.05 89 0.00 100.00 0.00 0.00
SD = Standard Deviation Rr (%)= Random Vitrinite Reflectance
mmf = mineral matter free N = Number of measurement
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term used for the higher rank (Rr >0.40%). This maceral has an oval to a subspherical shape 
and gelified cell wall, and most of them are filled by gelovitrinite (Figure 4.3A). Textinite might 
have thicker cell wall than telinite and sometimes rays cell can still be observed from the 
samples (Figure 4.5A). As the rank increases, telinite is reduced as the gelification process 
masks the cell structure resulting in an increase in collotelinite. Liptinite macerals, in 
particular, suberinite, are found in some vitrain samples, especially at 0.45% Rr (Figure 
4.3B, 4.4B). 
 
  
Figure 4.3. Maceral composition of vitrain suite samples. A) Telinite (Tl), light grey and 
corpogelinite (Cg), dark grey, from 0.39% Rr vitrain samples; B) Cd, collodetrinite; Cl, 
collotelinite; Su, suberinite  
 
One important finding is on samples with 0.60% Rr (JE 06). This particular samples has a 
cleats that filled with hydrocarbon or bitumen substance (Figure 4.4). Some of the cell lumen 
near this cleat were also filled with the bitumen (Figure 4.4A, B, C). Further examination 
shows that part of the bitumen that filled the cleat has probably expelled or evolved into a 
liquid or gas, then migrated, leaving the white dot that is interpreted as a pore. This sample 
most probably will have high pore content. 
 
Su
Cl
Cd
100 µm
B A 
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Figure 4.4. Cleat on JE 06 under oil with 20x objective magnification. A) Cleat and cell 
lumens that filled with the hydrocarbon material or bitumen. Yellow square represent the 
area on: B) under white light, C) under fluorescence light. Yellow colour represent bitumen 
material 
 
Interestingly, meta-exsudatinite is found in vitrain sample JE 11, which is the highest rank 
and also shows increased fracturing reflecting its brittleness (Figure 4.5C). This maceral is  
recognized by its distinctive shape and high degree of anisotropy from vitrinite maceral 
(Taylor et al., 1998). It is considered a secondary maceral that forms lipoid material from 
liptinites and perhydrous vitrinites at the beginning of the bituminization process (Taylor et 
al., 1998). First exudatinite is formed then as the heat increases, this maceral changes into 
meta-exsudatinite. 
100 µm 100 µm
A 
B C 
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Figure 4.5. Distinctive macerals observed in the vitrain suite on this study. A) Tx = 
Textinite; Ch = Corpohuminte from 0.39% Rr. B) Cl = Collotelinite; Sb = Suberinite; Cd = 
Collodetrinite from 0.45% Rr. C) Me = Meta–exsudatinite; Cl = Collotelinite, from 1.49% 
Rr. 
 
4.1.1.3. Etched samples 
The vitrain suite samples were etched to reveal the cell structure concealed underneath the 
gel as the result of coalification process. All vitrain samples were etched following the 
methods described by Moore and Swanson (1993) and Van de Wetering (2014). Etched 
vitrain samples were examined by reflected-light microscope using air objective with 5x, 10x, 
20x and 40x magnification and a 10x in the tube. 
The results show that most of the vitrain samples contain similar cell structure with good 
preservation except for samples JE01, JE 10 and JE11 (Figs 4.5 c,f,g) with respective 
random reflectances (Rr) of 0.45%, 0.91% and 1.49% (Figure 4.6 g). These cell structures 
appear to be radial cuts through woody tissue. The appearance and arrangement of the cell 
100 µm
Cl
Cd
Sb
100 µm
Cl
Me
Cl
A B 
C 
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structures resembles wood (xylem) tissue from Huon pine wood but in compressed 
condition. Vitrain in samples JE 05, JE06 and JE09 (Figs 4.5b,d,e) with respective random 
reflectances (Rr)of  0.39%, 0.60%, and 0.66%, shows whitish color with higher reflectance 
around the cell wall.  This may indicate some oxidation (Moore and Swanson, 1993). Most 
of the cells lumen (former tracheids) are filled with gel (Figure 4.6 b). 
On the other hand, sample JE01 (Figure 4.5c) with 0.45% Rr shows a different cell structure 
arrangement. This may be caused by different perspective view of the samples. Instead of 
radial, this sample is cut in longitudinal section. A long straw-like structure is visible in this 
sample.  It is similar to the tracheid structure in gymnosperm wood at longitudinal section 
(Figure 4.7A). Observation on another part of the sample shows cell structure in a random 
arrangement and surrounded by material that is similar to periderm (Winston, 1986). This 
part of the sample may come from bark (Figure 4.7B and C). This feature is also found in 
the sample with 0.91% Rr (Figure 4.6f). On this sample, the collotelinite maceral after 
etching, revealed different two different plant precursors that was not evident in the un-
etched sample. The darker appears to be bark (periderm), while the lighter part appears to 
be a woody part. 
High rank vitrain was more difficult to etch because it needed a longer time to react in the 
etching solution than lower rank. This condition could affect the end result by over etching. 
To avoid this situation, etching time was divided in to three shorter times.  However, the 
result was not satisfactory. The sample with 1.49% Rr (JE11, Figure 4.5g) was etched a 
couple of times, but the result was similar. This might be because the gel in this particular 
sample is much more resistant to etch. Therefore the cell structure was barely recognizable. 
This particular sample was also highly fractured and made etching more difficult because 
the etching solution could seep through the fractures. However, observation on the etching 
part indicates that collotelinite on this samples comes from different part of plant (Figure 
4.6g, JE 11).  
Over all, the result shows similarity and simplicity of the cell structures that suggest most of 
the samples in vitrain suite have gymnosperm type of wood as a plant precursor. Whether 
it is a Huon pine relative could not be established. 
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a) Huon 
pine 
wood 
   
b) JE 05  
(0.39% 
Rr) 
   
c) JE 01 
(0.45% 
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d) JE 06  
(0.60% 
Rr) 
   
e) JE 09  
(0.66% 
Rr) 
   
f) JE 10  
(0.91% 
Rr) 
   
E U E U E U
E U E U E U
E U E U E U
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g) JE 11  
(1.49% 
Rr) 
   
 
Figure 4.6. Vitrain samples as observed under light-reflected microscope. E = Etched part of the samples; U = Un-etched part of 
the samples. Yellow line on each picture equal with 100 µm.  Red arrows indicate same point at different magnifications 
                                                                                
E U E U E U
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Figure 4.7. Different cell structure of etched vitrain sample with 0.45% Rr. All pictures 
has 20x air objective magnification. Yellow line represents 100 µm. A) cell structure 
at longitudinal section. B and C) cell structure at random section, mixed between 
radial and longitudinal section.  
 
4.1.2. Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) was used to get a clearer image of cell structure 
and if possible, to obtain details of the pores in the cell wall. Figure 4.8 presents a 
Huon pine wood sample under SEM at a radial cut position. It shows a much clearer 
picture of the tracheid and cell wall compared to reflected light microscope. Xylem 
tracheid has relatively similar size with good arrangement. Ray parenchyma is clearly 
visible. Other feature such as fibres that comprise a tracheid wall can be easily 
observed. Longitudinal orientation of the samples shows unicellular rays that are 
perpendicular with xylem tracheid (Figure 4.9). Bordered pits are found inside “straw 
like” structure of xylem tracheid (Figure 4.9). 
 
 
 
A B C
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Figure 4.8. SEM photomicrograph of Huon pine wood at radial cut orientation with 
BSE mode. 
 
 
Figure 4.9.SEM photomicrograph of xylem tracheid, rays and pits of Huon pine wood 
at longitudinal cut orientation. 
 
SEM was used to investigate both polished block and pieces of vitrain. Direct 
observation indicated that pore structure with micro- to mesopores size on vitrain suite 
was too small to be observed using SEM. Some macropore structure is visible, but not 
abundant (Figure 4.10B).  
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Figure 4.10. SEM photomicrograph of vitrain samples. A) 120x magnification; B) 
1800x magnification. 
 
Etched vitrain samples were also investigated using SEM, three vitrain samples were 
investigated. These samples are vitrain with 0.39% (JE 05), 0.60% (JE 06) and 1.49% 
Rr (JE 11). SEM observation on these samples was conducted using back-scattered 
electron mode (BSE). Figure 4.11 shows SEM results on etched samples of the lowest 
rank in the vitrain suite (JE05, 0.39% Rr). It can be seen that the cell structure of the 
precursor wood still can be distinguished although the shape is different due to the 
compaction process during coalification. The cell lumens are filled with corpogelinite 
(Figure 4.11A). The cell structure has a similar and simple arrangement. From these 
images it can be inferred that the plant precursor of this vitrain was gymnosperm wood. 
Macropores were also observed in this sample, but not in abundance (Figure 4.11B).  
Etched samples of the middle rank of the vitrain suite such as JE 06 (0.60% Rr) shows 
cell structure in longitudinal section (Figure 4.12A), similar to sample with Rr = 0.45% 
JE01 (Figure 4.7A). These coals have tracheids that are similar with straw. In radial 
section cell lumens can be seen. Some of the lumen is filled with corpogelinite and 
resinite. What is both interesting and significant in this picture (Fig 4.12B, C and D) is 
the pore inside the corpogelinite. This finding is important because it indicates the 
potential for the existence of additional pore inside corpogelinite; this will increase the 
pore volume and surface area available for gas adsorption and SANS/USANS 
measurement.  
A B
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Figure 4.11. Samples of the lower rank of vitrain suite (0.39% Rr) under SEM at BSE 
mode. A) Cell structure that similar with gymnosperm cell with corpogelinite filling; B) 
Macropore that observed in the samples. 
 
   
Figure 4.12. Etched vitrain sample with 0.60% Rr observed under SEM at BSE 
mode. A) cell structure at longitudinal section. B) cell structure at radial section. C 
and D) Meso- and macropores on the cell lumen 
 
Corpogelinite
Telinite
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Figure 4.12. Continue.. 
The etched sample of the highest rank of the vitrain suite (JE11, 1.49% Rr) was also 
observed using SEM. It was hard to observe and photograph as rank is too high, and 
the coal too hard to successfully to etch. This sample was etched with a longer etching 
time but even with several attempts, including splitting etching time, the result 
remained the same. This suggest that at a rank of 1.49% Rr, the chemistry of telinite 
and corpogelinite renders it difficult, if not impossible to remove with oxidation. Some 
structure can be seen in Figure 4.13. It resembles a cell lumen in radial section, but 
this interpretation is not certain. 
 
 
Figure 4.13. Cell structure of vitrain samples with 1.49% Rr (sample JE11). The cell 
structure is barely recognizable due to the difficulty in etching.  
Mesopores
Mesopores
Mesopores
Mesopores
Macropore
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4.2. Chemical character of wood and vitrain 
Ultimate analysis was used to determine the chemical character of wood and vitrain 
samples. The result of ultimate analysis is presented in Table 4.2. Carbon content 
increases with rank and ranges from 55% (dry ash free, daf) for Huon pine wood to 
88% for vitrain with 1.49% Rr. Nitrogen content is quite variable, and ranges between 
0.81% (daf) and 1.85% (daf). Low total sulfur content, less than one percent, is 
detected from the samples. Interestingly, hydrogen content does not follow the 
expected rank trend; this may reflect differences in coal type. Generally, hydrogen 
content decreases with rank (Taylor et al., 1998; Ward, 1984) with the atomic ratio H/C  
and O/C that should also decrease (Taylor et al., 1998). However, the hydrogen 
contents from the vitrain suite in this study show the opposite trend and increase with 
rank with R2 = 0.91 and 0.88 for carbon and hydrogen, respectively (Figure 4.14). 
Atomic ratio H/C with rank increases, while O/C atomic ratio decreases (Figure 4.15). 
Plotting between atomic ratio H/C with O/C on van Krevelen diagram shows that the 
vitrain suite in this study is in mature and over mature stage (Figure 4.16). High rank 
vitrain is in the mature zone when maximum oil generation usually occurs (Taylor et 
al., 1998). Oil generation in coal may occlude the pore in coal (Levine, 1993). 
Therefore, it would make the percentage of pore volume smaller. On the other hand, 
the rest of the samples are in the overmature area of the diagram. Most of the sample 
suite is type III, except for the vitrain with high rank.  
Furthermore, to make sure that there was no error from the sample and instrument 
that were used for this study, one set of samples of whole coals from which the vitrain 
band was taken, was sent to the same laboratory for reproducibility of results. As 
shown on Table 4.3, the ultimate results of the whole samples reveal that hydrogen 
and carbon contents are consistent with the vitrain suite result. 
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Table 4.2. Ultimate analysis result on wood and vitrain samples.  
 
 
Figure 4.14. Change in carbon and hydrogen content (%, daf) of the vitrain samples 
with rank in this study. Carbon and hydrogen contents show increases with rank 
 
  
Figure 4.15. Relationship between atomic ratio H/C and O/C with rank on vitrain 
samples in this study 
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Table 4.3. The result from ultimate analysis on selected whole coal samples from 
which vitrain band was extracted. 
 
 
 
Figure 4.16. H/C and O/C atomic ratio of vitrain of samples plotted on Van Krevelen 
Diagram (after Taylor et al.,1998). Orange dots represent the samples in this study. 
 
4.3. Discussion  
Petrographic and chemical characterisation corroborated the expected changes in 
rank and the maceral composition of the vitrain bands, and confirmed which of the 
vitrain samples were likely from gymnosperm (Lagarostrobus franklinii according to 
Ward, 1995). SEM analysis also shows that most of the samples has simple cell 
structure that is similar with gymnosperm wood.  
Rank analysis using vitrinite reflectance and proximate analysis result show similar 
characteristics. Figure 4.17 shows the comparison between random vitrinite 
Rr Carbon Hydrogen Nitrogen Total Sulfur Oxigen
% daf,% daf,% daf,% daf,% daf,%
JE 01 0.45 74.06 4.08 0.90 0.54 18.78
JE 06 0.60 82.94 5.03 1.09 0.35 9.93
JE 10 0.91 88.10 5.40 1.81 0.61 3.74
JE 11 1.49 92.61 4.73 1.73 0.32 0.24
Rr : random vitrinite reflectance daf : dry ash free
Samples
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reflectance (Rr%) and fixed carbon (air dry basis, adb) from proximate analysis on 
whole coals. Both of the results confirm increases with rank. Based on random vitrinite 
reflectance (Rr%), the vitrain suite in this study has rank from 0.39% to 1.49% Rr that 
is classified as brown coal to medium volatile bituminous coal (Diessel, 1992).  
 
 
Figure 4.17. Rank comparison between random vitrinite reflectance (Rr) on selected 
vitrain samples and fixed carbon from proximate analysis on whole coal samples. 
 
Rank represents the “stage” of coalification (loss of volatiles and moisture), that affects 
individual macerals in different ways, i.e. while others maceral reflectance is remain 
the same, reflectance of vitrinite and liptinite increase with rank. An increase in rank, 
caused by chemical, physical and petrographic changes, is a result of increasing depth 
of burial and concomitant increasing temperature (Taylor et al., 1998). Geochemical 
gelification process (vitrinization) that occurs from lignite to sub-bituminous rank is part 
of the coalification processes. At this stage, huminites of peat, soft brown coal and dull 
brown coal are converted to vitrinites of the higher rank by temperature and pressure. 
Textinite changes into ulminite through the gelification process, whether it is  biological 
or geochemical (Taylor et al., 1998). It is reasonably inferred that textinite/telinite 
content decreases with an increase in rank. Samples with 0.45% and Rr 0.54% Rr (JE 
01 and JE 03 respectively) show similar condition. We expected to see that this trend 
will continue. However, the percentage of telinite on samples with 0.6% Rr (the end of 
geochemical gelification) is not smaller than sample with 0.54% Rr. This condition may 
be because samples with 0.6% Rr come from a different New Zealand coalfield with 
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different formation (see chapter 2). Therefore, the sample with 0.6% Rr has different 
coal composition than samples with 0.45% and 0.54% Rr.  
In general, telinite content increases until 0.60% Rr, then decreases with rank while 
percentage of collotelinite does not show any particular trend. The differences in 
maceral content may influence the pore structure of the vitrain suite. Note, telinite 
macerals that still have visible wood cell structure will probably have significant 
influence on (large to medium) pore abundances. This will be explained more in 
chapter 5 of this study.  
From the suite of etched vitrain samples, the similarity and simplicity of the cell 
structures can be observed. This finding corroborates that the vitrain suite in this study 
has gymnosperm type of wood that looks similar to Huon pine as a plant precursor.  
Another finding of this study is the increase in compaction of the cell structure with 
rank. The study by Winston (1986) shows that plant remains can be identified in coal 
although compaction in plant cells occurs. His study found that lycopod periderm in 
coal balls traced into the adjacent coal in Carboniferous age coal has a compaction 
ratio from 7:1 to 19:1.  In this study, qualitative comparison of microstructure and cell 
diameter between Huon pine wood and the vitrain suite shows similar simple cell 
structure with bordered pits, tracheids and unicellular rays. Based on an average cell 
diameter of 20 µm, compaction is estimated ranging from 9:1 to 4:1, except for 
samples that do not appear as Huon pine (0.91% Rr) or are heat affected and 
tectonically altered (1.49% Rr, JE 11) as been described previously. 
Ultimate analysis shows hydrogen content increases with rank which make it different 
from the general trend where hydrogen content decreases with rank. This may be 
caused by the nature of the vitrain samples. Most of the vitrain samples in this study 
come from Greymouth, New Zealand (see chapter 2) which are known to be 
perhydrous coal (coal with high hydrogen content; Newman and Newman, 1982). A 
similar result (to Fig 4.15) is also found for the hydrogen content of the whole coal 
samples from which the vitrains are taken for this study. High hydrogen content are 
also found on vitrinite concentrates from Indian Permian coals by Bandopadhyay and 
Mohanty (2014). Their study indicates that maturation of vitrinite with rank has two 
phases. The first phase is typified by oxygen loss with enrichment of hydrogen and 
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takes place up to 0.9% Rr. The second phase, Rr > 0.9%, is characterized by loss of 
hydrogen.  
For future study, the FIB-SEM can be added to improve the pore analysis. Since FIB-
SEM could make a 3D structure analysis, using FIB for cutting the samples while 
observe it with SEM could give clearer image without disturbing the samples. As a 
result the opportunity to find the smallest pore is increased. However, since the 
instrument is not available at UQ, this measurement cannot be done during the thesis.  
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5. Pore structure changes from wood to coal (vitrain)  
This chapter presents the changes in pore structure from wood to vitrain that were 
investigated by the different methods, namely gas adsorption and small/ultra-small 
angle neutron scattering (SANS/USANS). Both of the methods have a different 
approach to measuring pore structure. For gas adsorption, low pressure nitrogen gas 
adsorption at 77 K temperature was used. On the other hand, SANS/USANS used a 
neutron beam to measure pores structure inside the sample suite. The results from 
the different methods are described below. 
 
5.1. Low pressure adsorption isotherms using nitrogen  
5.1.1. Experiment result 
Low pressure adsorption isotherms using nitrogen as an adsorbate were conducted in 
all studied samples (Huon pine wood and vitrain rank suite). Nitrogen adsorption is 
commonly used to measured pores > 20 Å (meso- and macropores) on coal for 
porosity studies (Clarkson and Bustin, 1999; Mastalerz et al., 2008a, 2008b). 
However, the result from low pressure nitrogen adsorption measurement in this study 
shows that micropores can be detected. Therefore, micropores from this measurement 
will be used for further interpretation.  
The result from low pressure nitrogen adsorption isotherms are presented in Figure 
5.1A and B. JE 06 and JE 09 with random vitrinite reflectance 0.6 % and 0.66 %, 
respectively, are presented in a different figure because their nitrogen adsorption 
capacity was much greater than other samples (Figure 5.1B). A linear plot from 
adsorption and desorption measurements shows differences between adsorption and 
desorption curve. This discrepancy is called hysteresis and could be associated with 
capillary condensation in the mesopores (Sing et al., 1985). The isotherms curves of 
most of the samples are similar to Type IV isotherm with Type H3 hysteresis loop 
described by Sing et al., (1985), except for samples with 0.60% Rr that more resemble 
Type IV H2. Type IV isotherm is distinguished by the presence of hysteresis while type 
H3 hysteresis may be related to slit-shaped pores (Sing et al., 1985). At the end of the 
hysteresis, the desorption curve did not overlay the adsorption curve, a behaviour also 
found by Mastalerz et al. (2008) on high volatile bituminous Pennsylvanian coals. This 
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feature might be related with coal swelling or adsorption in micropores (Gregg and 
Sing, 1982).  
Most of the vitrain samples show a hysteresis loop that occurred between relative 
pressures (P/Po) of ~ 0.42 to 0.95, although the amount of hysteresis varies between 
samples (Figure 5.1A and B). To demonstrate the differences, the hysteresis at P/Po 
of 0.6 were measured. The result shows that samples with 0.60% Rr has the greatest 
hysteresis followed by samples with 0.66%, 0.45%, 0.54%, 1.49%, 0.39%, 0.91% and 
0.01% Rr (Huon pine wood) (Table 5.1).  
The discrepancy between the total quantities of nitrogen gas adsorbed varies widely 
between the samples (Figure 5.1A and B). Especially in samples with 0.60% Rr (JE 
06) that adsorbed seven times more nitrogen than samples with 0.66% Rr (JE 09) 
which has the second larger quantity of adsorbed nitrogen. This condition is more 
apparent when compared to JE 06 and Huon pine wood that has the smallest quantity 
of adsorbed nitrogen gas. The differences can be up to 100 times. The quantity of gas 
that adsorbed onto Huon pine wood is smallest compared with other samples. This 
may be caused by size differences between nitrogen molecule (3 – 4 Å) and the size 
of the pores which is dominated by large sizes, which consists with size of pores for 
tracheids (150,000 – 20,500 Å size) (see chapter four, Figure 4.1). This condition 
suggests that some of the pores were not filled with nitrogen gas during the 
experiment. 
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Figure 5.1. Low pressure Nitrogen adsorption plots of the vitrain samples show a 
hysteresis that occurs between relative pressures (P/Po) of ~ 0.42 and 0.95. Since 
the quantity of nitrogen adsorbed on 0.60% and 0.66% Rr has a different magnitude, 
these samples need to be presented on different figure. A) All samples without 
0.60% Rr (JE 06) and 0.66% Rr (JE 09). B) Isotherm plot for 0.60% Rr (JE 06) and 
0.66% Rr (JE 09). 
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Table 5.1. The differences between adsorption and desorption curve (hysteresis) in 
gas adsorption at relative pressure (P/Po) 0.6. 
 
 
Note that for the 0.6% Rr (JE 06) sample, the adsorption and desorption curves did 
not match any type of isotherm described by Sing et al. (1985), but would be closest 
to Type IV H2. To make sure there was no error from the instrument, a second 
measurement was conducted on this particular sample using new handpicked vitrain 
from the same coal sample (Figure 5.2). The resulting curves show similarly high gas 
adsorption amounts and shape of curve relative to each other. This suggests that the 
instrument did not malfunction, but the interpretation of curve typing needs to be 
treated with caution. First measurements of JE 06 data (adsorption 1 and desorption1) 
were used for further interpretation on this study. 
 
 
Adsorption Desorption
1 Huon pine 0.01 0.149 0.157 0.008 0.337
2 JE 05 0.39 0.184 0.265 0.080 0.882
3 JE 01 0.45 0.613 0.995 0.382 1.846
4 JE 03 0.54 0.369 0.539 0.170 1.584
5 JE 06 0.60 28.750 33.755 5.005 35.417
6 JE 09 0.66 2.350 4.123 1.773 5.503
7 JE 10 0.91 0.156 0.171 0.015 0.899
8 JE 11 1.49 0.182 0.183 0.001 1.162
Rr: Random vitrinite reflectance 
Rr for Huon pine wood were assumed 0.01%
Quantity adsorbed at 
P/Po 0.6 (cu.cm/g STP)
Diferences 
(cu.cm/g)
No Samples Rr (%)
Total quantity 
adsorbed 
(cu.cm/g STP)
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Figure 5.2. Nitrogen adsorption result for sample with 0.60% Rr (JE 06) on two 
different handpicked vitrain that took from the same coal sample.  
 
During the experiments, most of the samples had a negative adsorption with 
increasing pressure on the first run, e.g. sample JE 01 (Figure 5.3, adsorp 1). To get 
a positive adsorption, all samples were degassed repeatedly at the interval of 24 hours 
at 800C until the positive adsorption was reached (Figure 5.3, adsorp 2), except for JE 
05 and JE 06. JE 05 still had negative adsorption after being degassed three time for 
24 hours. Positive adsorption was reached after these samples were degassed again 
for two hours at 1000 C. As for JE 06, after degassing twice at 24 hours at 800C and 
still showing negative adsorption, this sample needed to be degassed again for two 
hours at the same temperature before positive adsorption were achieved.  
From the Table 5.1, it is appears that moisture is not the only factor that affected 
degassing time. There are no direct correlations between moisture and time of 
degassing. However, temperatures that were used in this experiment were too low to 
make other substances inside the vitrain samples (like volatile matter or bitumen) to 
evaporate because that requires a higher temperature. Therefore, it could be other 
factors that are also affecting this phenomena. Pore characteristic may be playing an 
important role on this part. For example, although JE 01 and JE 05 have a similar 
moisture content (9.9 and 9.6%, respectively), the time for these samples to get 
Hysteresis
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positive adsorption is very different (24 hours and 72 hours, respectively). This may 
be related with the abundance of micropores in these samples. Moisture inside 
micropores will need more time to evacuate than if it is in meso- or macropores. This 
implies that samples with high amount of micropores will need more time to expel 
moisture from their pores. 
 
 
Figure 5.3. Nitrogen gas injection/adsorption for sample with Rr = 0.45% (JE 01). 
The figure shows that the first experiment (adsorb 1) had negative adsorption, 
moving to positive adsorption in the next experiment (adsorb 2) after more time 
degassed.  
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Table 5.2. Degas time and moisture content of the samples used in this study 
 
 
The nitrogen adsorption variation that is represented by adsorption and desorption 
curves, then was translated into surface area and pore volume. For surface area 
calculation, BET (Brunauer, Emmet and Teller) and Langmuir methods (see K. S. 
Gregg and Sing (1982)) were used. The result on BET and Langmuir surface area of 
the samples are presented in Table 5.3. BET surface area has consistently a smaller 
value than Langmuir surface area for all samples (Table 5.3). Similar with the 
hysteresis, the sample with 0.6% Rr (JE 06) has the largest BET surface area, followed 
by the sample with 0.66% Rr (JE 09) and so on. However, the BET value on 0.60% Rr 
(JE 06) is lower than the differences on hysteresis value at P/Po 0.6; it is about 13 
times that of the sample with 0.66% Rr (JE 09) and 87 times that of Huon pine wood.  
 
 
 
 
 
 
No Samples Rr (%)
Moisture 
(%, ad)
Degas Time 
(hours)
Degas 
Temp. 
(0C)
Comment
1 Huon pine 0.01 12 24 80 Negative adsorption
24 80 Positive adsorption
2 JE 05 0.39 9.6 24 80 Negative adsorption
24 80 Negative adsorption
24 80 Negative adsorption
2 100 Positive adsorption
3 JE 01 0.45 9.9 24 80 Positive adsorption
4 JE 03 0.54 6.7 24 80 Positive adsorption
5 JE 06 0.60 5.4 24 80 Negative adsorption
24 80 Negative adsorption
2 80 Positive adsorption
6 JE 09 0.66 3.7 24 80 Positive adsorption
7 JE 10 0.91 0.9 24 80 Negative adsorption
24 80 Positive adsorption
8 JE 11 1.49 1.2 24 80 Negative adsorption
24 80 Positive adsorption
Rr: Random vitrinite reflectance 
Rr for Huon pine wood were assumed 0.01%
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Table 5.3. BET and Langmuir surface2 area from nitrogen adsorption.  
 
 
 
The incremental distribution of pores are presented in Figure 5.4. Pore sizes were 
divided into three categories; micropores (< 20 Å), mesopores (20 – 500 Å) and 
macropores (> 500 Å).  JE 06 (Rr =0.6%) and JE 09 (Rr = 0.91%) have more abundant 
mesopores (20 to 500 Angstrom) than the other samples (Figure 5.4A), and so are 
excluded in subsequent charts so trends in other samples can be distinguished (Figure 
5.4B and C, respectively). Pores that can be measured by low pressure nitrogen 
adsorption ranges between 12 Å to 1,600 Å. The plots showed a multimodal 
distribution (Figure 5.4A, B and C), which commonly appeared in heterogeneous 
material like coal (Dmyterko, 2014). In this study, although the material has relatively 
similar composition (vitrain), the heterogeneity may come from individual macerals 
within the vitrinite group and/or other macerals (liptinite, inertinite and mineral matter) 
that may still be present in the samples although in small amounts. Each maceral may 
have a different pore volume and therefore will create the differences in the pore size 
distribution for what megascopically appears as vitrain. 
In general, there are three peaks that can be observed from this multimodal 
distribution. One in the micropores range, and the others two are in the mesopores 
                                            
2 The surface area value of most samples are very low (<0.7 sq.m/g), possibly because of the limited 
amount of samples that available to be used in this experiment has pushing the limit of the low pressure 
adsorption device.  
 
No Samples Rr (%)
BET Surface 
Area 
(sq.m/g)
Langmuir  
Area 
(sq.m/g)
1 Huon pine 0.01 0.50 0.54
2 JE 05 0.39 0.66 0.69
3 JE 01 0.45 1.47 1.70
4 JE 03 0.54 1.20 1.23
5 JE 06 0.6 57.62 59.01
6 JE 09 0.66 4.38 4.93
7 JE 10 0.91 0.49 0.50
8 JE 11 1.49 0.67 0.71
Rr: Random vitrinite reflectance 
Rr for Huon pine wood were assumed 0.01%
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range (Figure 5.4A, B and C). In the micropores range, all the vitrain samples except 
Huon pine have the peak of pore volumes at pore size between 12 to 18 Å On 
mesopores, the peaks are at pore size of 50 - 100Å and 325 - 375Å. Across the range, 
sample with 0.60% Rr has the highest pore volume on micro-, meso- and macropores 
while wood has the lowest pore volume.  
Note, there is a similarity on the shape of the incremental pore size distribution curve 
from wood through the vitrain suite. All pore size distribution curves have similar peaks 
or bumps across the pore sizes. The difference is in their magnitude. This condition 
can be implied that the pore structure of the vitrain suite in this study has the similar 
characteristic with Huon pine wood.  
 
 
Figure 5.4. Distribution of the pore width (in angstrom) with incremental pore 
pressure of wood and coal suite using N2 gas injection/adsorption. A). All the 
samples B). without JE 06 (Rr=0.6%). C). without JE 06 (Rr = 0.6 %) and JE 09 (Rr = 
0.66 %). 
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Figure 5.4. Continue.. 
 
Total pore volumes were calculated by adding individual pore volumes from pore size 
distribution data. The illustration on total pore volume of micro-, meso and macropores 
is presented at Figure 5.5. Sample with 0.60% Rr (JE 06) has a bigger total pore 
volume in micro-, meso and macropores with 1.1x10-2, 4.15x10-2 and 8x10-4 cu.m/g, 
respectively (Figure 5.5A). For presentation purposes, similar to the pore size 
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distribution chart, the sample JE06 with 0.60% Rr was excluded so total pore volume 
on other samples can be identified (Figure 5.5B). Huon pine wood has the smallest 
pore volume value with 2.5x10-5, 3.2x10-4, and 1.4x10-4 for micro-, meso- and 
macropores, respectively (Figure 5.5B). Mesopores on all samples dominates the total 
pore volume followed by macropores and micropores (Figure 5.5A, B).  
 
  
Figure 5.5. Total pore volume of micro-, meso-, and macropores that derives from 
low pressure nitrogen adsorption. A) all samples, B) without sample with 0.60% Rr 
(JE 06) 
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Figure 5.5. Continue.. 
 
Interestingly, if we look at the pore volume of micro-, meso-, and macropores in a 
percentage form, the mesopore pore volume differences between each sample is not 
too large (Figure 5.6). The differences ranged from 56.3% for Huon pine and 83.9% 
for samples with 0.66% Rr (JE 09). 
 
Figure 5.6. The proportion of micro-, meso- and macropores of the samples in 
percentage. 
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5.1.2. Relationship between micro-, meso- and macropores with rank and 
composition. 
The relationship between micro-, meso-, and macropores with rank and sample 
composition were analysed. Micro-, meso- and macropores were presented by pore 
volume. Rank and composition parameter that used for this analysis were taken from 
petrographic analysis (see chapter four), while pore volume of micro-, meso- and 
macropores data were taken from low pressure nitrogen adsorption data by adding 
the individual pore volume on the micro-, meso- and macropores range (see Figure 
5.5 and 5.6). These data were presented in Table 5.4 below. 
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Table 5.4. Data micro-, meso-, and macropore pore volume with vitrain suite rank and composition. 
 
  
Micro Meso Macro Micro Meso Macro Vitrinite Liptinite Inertinite
Textinite
/Telinite
Ulminite/  
Collotelinite
Corpohumi
nite/Corpo
gelinite
Collodetri
nite
1 Huon pine 0.01 0.00003 0.00032 0.00014 5.11 65.80 29.09 - - - - - - -
2 JE 05 0.39 0.00015 0.00075 0.00046 11.35 55.01 33.65 97.917 1.042 1.042 23.958 2.083 73.958 0.000
3 JE 01 0.45 0.00020 0.00183 0.00038 8.12 76.12 15.76 84.946 8.602 6.452 30.380 54.430 15.190 0.000
4 JE 03 0.54 0.00025 0.00146 0.00066 10.36 61.67 27.97 95.918 3.061 1.020 26.596 48.936 23.404 1.064
5 JE  06 0.60 0.01077 0.04147 0.00087 20.28 78.09 1.63 98.990 0.000 1.010 84.694 5.102 3.061 7.143
6 JE 09 0.66 0.00060 0.00655 0.00066 7.68 83.88 8.44 100.000 0.000 0.000 64.000 6.000 30.000 0.000
7 JE 10 0.91 0.00008 0.00080 0.00047 5.86 59.23 34.91 90.909 9.091 0.000 13.333 86.667 0.000 0.000
8 JE 11 1.49 0.00012 0.00099 0.00064 6.92 56.55 36.53 100.000 0.000 0.000 0.000 100.000 0.000 0.000
Rr: Random vitrinite reflectance 
Rr for Huon pine wood were assumed 0.01%
Maceral composition (%, mmf) Vitrinite composition (%)
No Sample Rr (%)
Pore volume (cu.cm/g) Percentage of
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To determine the relationship between rank and micro-, meso and macropores, all of the 
data was analyzed by cross plotting. The result shows that that no universal trend can be 
observed (Figure 5.7). This is caused by an outlier inside the data set from sample with Rr 
0.60%. Even when this outlier is excluded, the data remained scattered and hard to be 
correlated. Even cross plotting the pore volumes as a percentage did not improve the 
relationship for these vitrain samples (Figure 5.8). 
 
 
Figure 5.7. Relationship of rank and pore volume of micro-, meso-, and macropores from 
samples suite. The outliner data shows by black arrow. 
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Figure 5.8. Relationship between rank and percentage of micro-, meso-, and macropores 
from the samples suite. Percentage of macropores data is too scattered to be correlated. 
 
Trends in the total pore volume with rank for the vitrain suite investigated in this study did 
not corroborate previous studies on coal porosity (Figure 5.9A, B). The previous studies 
demonstrated that total pore volume in coal decreases with rank until 86% of carbon before 
increasing again with rank (Gan et al., 1972; Levine, 1993). Instead, the vitrain suite in this 
study shows that total pore volume is increase and peaked at 0.60% Rr before declining at 
0.91% Rr (Figure 5.9B) . This difference can be caused by different material that was used 
in this study (whole coal vs. vitrain only).  
 
 
Figure 5.9. Change in pore volume with rank. A) Study by Levine (1993) using whole coal.  
B) This study using vitrain only 
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Interestingly, the relationship between the percentage of pore volume on micro- and 
macropore with rank, corroborates the general trend suggested by Moore (2012). Levine 
and Moore used data from Gan et al. (1972), but Moore used a different approach to 
interpreting the data. Instead of taking the general trend of the data, Moore connected the 
line through most of the data. The similarity is presented in Figure 5.10. Micropores volume 
increased with rank and peaked around 75% of carbon before decreasing at around 80% of 
carbon content. On the contrary, macropores volume decreased with rank until around 75% 
of carbon content, then increased with rank. 
 
 
Figure 5.10. Plotting data between carbon content (adb, %) and percentage of total pore 
volume from nitrogen adsorption. A) Data from this study. B) Data from Moore (2012) 
 
Besides rank, the other relationship investigated is the correlation between vitrain 
composition and pore volume of micro-, meso and macropores. Vitrain compositions were 
represented by vitrinite maceral composition found from petrographic analysis (see chapter 
4). Therefore, Huon pine sample is excluded from this analysis. The result shows that there 
is no significant relationship between maceral composition with pore volume of micro-, and 
mesopores. For example, cross plotting between the percentage of telinite content and pore 
volume of micro-, meso- and macropores shows that there is outlier data from sample with 
0.60 Rr (JE 06) that made it difficult correlate with micro- and mesopores (Figure 5.11). 
However, a significant relationship between telinite maceral and pore volume of macropores 
were found. This is illustrated by the value of R2 from the polynomial order two correlation 
that has a value of 0.71.  
 
 
0
5
10
15
20
25
30
35
40
0
5
10
15
20
25
45 55 65 75 85
To
ta
l p
o
re
 v
o
lu
m
e
 (
%
)
To
ta
l p
o
re
 v
o
lu
m
e
 (
%
)
% Carbon (air dried basis)
Micropore Macropore A B
Sources: Moore (2012)
B A 
76 
 
Figure 5.11. An example of relationship between maceral compositions, represented by 
telinite maceral, and pore volume of micro-, meso-, and macropores from the samples 
suite. The outliner data is highlight by black arrow. 
 
Another correlation that was analysed is between maceral composition and percentage of 
pore volume. On this analysis, the wood sample was also excluded. The result shows a 
significant relationship between telinite content and percentage of micro-, meso- and 
macropores pore volume. This is illustrated by the value of R2 from the polynomial order two 
correlations that have a value of 0.62, 0.70 and 0.88 for micro-, meso-, and macropores, 
respectively (Figure 5.12).  
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Figure 5.12. Relationship between telinite content and percentage of pore volume of 
micro-, meso-, and macropores from the samples suite 
 
The relationship between total pore volume of the samples with rank and composition was 
also investigated. Total pore volumes were calculated by adding the value from pore volume 
of micro-, meso-, and macropores. The result is illustrated in the Figure 5.13. We can see 
that there is no relationship between total pore volumes with rank. Pore volume fluctuates 
with rank, with the peak at 0.45% and 0.60% Rr (Figure 5.13). On the other hand, the 
relationship of total pore volume and vitrain composition reveals that textinite/telinite 
macerals have a good relationship with total pore volume up until 0.91% Rr. The increase 
and decrease of the telinite content is in line with total pore volume changes. This 
relationship is not affected by the highest rank in the vitrain suite (1.49% Rr) (Figure 5.13). 
Furthermore, a similar trend with good correlation is also observed from the relationship 
between BET surface area with textinite/telinite content (Figure 5.14). BET surface area 
changes are highly affected by telinite content up until 0.91% Rr.  
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Figure 5.13. Relationship between the amount of total pore volume from low pressure 
nitrogen adsorption with rank and telinite content. 
 
 
 
Figure 5.14. Relationship between BET surface area and textinite/telinite content 
 
In general, pore volume changes in the vitrain suite from New Zealand coal, is more affected 
by maceral composition than rank. 
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5.1.3. Changing pore structure from wood to vitrain 
In a final attempt to correlate the pore size distribution changes with rank, the mean size of 
each pore range (micro-, meso- and macropores) was used as an index. Micropores (pores 
less than 20 Å) were represented by pore size 17 Å, mesopores (pores between 20Å and 
500Å) by pore size 51 and 100 Å and macropores (pores larger than 500Å) by pore size 
501, 1,005 and 1,172 Å. (Figure 5.15) In order to plot Huon pine wood and vitrain suite with 
rank, an assumption were made that Huon pine wood has random vitrinite reflectance of 
0.01%. 
For micropores (pore size 17 Å), in general, pore volume increases with rank with sharp 
rising at 0.60% Rr (JE 06) then decreased rapidly at 0.91% Rr (JE 10) before slightly 
increasing again (Figure 5.15A). This change in pore volume at 0.60% Rr is also found on 
selected meso- and macropores pores size (Figure 5.15B, and C). While on mesopores, the 
similar trend with micropores were observed but with an addition of pore volume rising at 
0.39% Rr (JE 05) (Figure 5.15B, red circle). However after passing 0.60 Rr, the pore volume 
again decreases with rank (Figure 5.15B). Two peaks also can be seen on the selected pore 
size of macropores. The rapid changes on pores volume was observed at the same rank, 
0.39% and 0.60% Rr (Figure 5.15C, blue circle).  
Over all we can see that the significant changes of pore structure takes place at 0.39% and 
0.60% Rr. If those rapid changes were excluded, we can see the positive correlation 
between micro-, and macropores with rank (Figure 5.15A, C, see red dash line) with 
negative correlation between mesopores and rank from vitrain suite (Huon pine wood 
excluded) (Figure 5.15B, red dash line). The possible explanation for the difference in 
magnitude and sudden changes in pore volume in 0.60% Rr will be discussed further in the 
discussion section. 
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Figure 5.15. Plotting between pore volume and selected pore size with rank. A) 
micropores, B) mesopores, and C) macropores 
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Figure 5.15. Continue.. 
 
5.2. Small/ultra-small angle neutron scattering (SANS/USANS)  
5.2.1. Experiment result  
The result of SANS/USANS are presented fully in Appendix C. The raw data from 
SANS/USANS measurement must be carefully corrected for systematic error affecting the 
raw scattering data during the experiment.  The data is corrected for fluctuations in the 
incidence beam by monitoring the beam transmission, background radiation (incoherent 
neutron scattering and black current), scattering from pressure cell (used to hold the sample) 
and detector efficiencies (dead time, etc.) (Blach, 2016, personal communication). The 
Intensity plots shown here were corrected for all these systematic errors. 
The corrected SANS data is typically represented by an intensity Plot, that is a plot of the 
logarithm of the scattering Intensity (I(Q)) as a function of the logarithm of the scattering 
vector (Q) (represent by solid angle the detector makes to the inclined beam). Scattering 
vector has inverse proportional relationship with pore size while scattering intensity 
represents the magnitude of the scattered beam at each Q value (Sakurovs et al., 2012). Q 
value was converted to R (pore size) by using the equation:  
R = 2.5 / Q (Radlinski et al., 2000)       equation 5.1. 
where R is pore size (Å) and Q is scattering vector (Å-1). For curve presentation Q on this 
chapter replaced with R using equation 5.1. 
0
0.00002
0.00004
0.00006
0.00008
0.0001
0.00012
0.01 0.39 0.45 0.6 0.91 1.49
P
o
re
 v
o
lu
m
e
 (
cm
³/
g)
Random vitrinite reflectance (Rr, %)
R = 501 Å R = 1,005 Å R = 1,172 Å
Peak point
C
82 
According to the small angle scattering theories of sedimentary rocks, (Radlinski et al., 
2000), the pores that scatter the neutrons are assumed to be polydispersed spheres, filled 
with material of different contrast (or Scattering Length Density (SLD)) than the rock itself 
(such as air). If the largest pores are much bigger than the smallest Q-values probed, the 
intensity plots, should resemble a straight line with a negative gradient (m) when plotted on 
the log-log scale. This is known as the Power Law and relates the intensity and scattering 
vector by: 
I(Q) = I0 Q-,          equation 5.2. 
where I0  and  is the value of maximum neutron intensity (the intercept) and slope 
respectively on the intensity plot. m is particularly useful, as it can represent the magnitude 
of fractal dimension D by 
D = 6 -  – for surface fractal and  
D =  for mass fractals   
According to (Radlinski, 2006), fractal dimension can be divided into : 
  =1   one-dimensional particles (needles) 
 =2   two-dimensional particles (platelets) 
 <3  mass fractal 
 3<<4  surface fractal 
 =4  polydispersed closed spheres – value expected from Porod’s Law 
 4<<5   fuzzy interface 
Note that a negative value of the slope can be ignored since it only shows the direction of 
the slope. 
Previous study on SANS/USANS measurement in coal shows that coal has a surface fractal 
composition with the fractal dimension between -3 and -4 (Mares et al., 2009; Mastalerz et 
al., 2012; Radlinski, 2006; Radlinski et al., 2004). However, due to the very complex nature 
of the coal, we may find that coal may be composed of many different porosity structures, 
with different dimensions of fractality spanning different Q ranges. This may be caused by 
the inhomogeneity in the material, i.e. different rank and composition, but also different 
starting materials.  
Slope analysis of the SANS/USANS dataset measured on vacuum condition in this study 
shows that every sample has more than one slope. Exception must be made at USANS data 
that measured pore sizes > 2,000 Å where a wobbly feature can be observed. Such effect 
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may be caused by instrument itself (Radlinski, 2016, personal communication). Therefore, 
a straight line can be drawn through this wobbly line to derive a distribution.  
Wood has a slope that varied from -0.094 to -3.953 (Figure 5.16). The slope value for pores 
< 20 Å (-0.094) is most probably due to the low scattering intensities due to background 
scattering effect. For the big pores size range (> 166 Å) the slope increases from -2.085 to 
-3.9653. This means that as the pore size decreases, the fractal dimension is changing from 
mass fractal (slope < 3) to surface fractal (slope between 3 and 4) and the sample surface 
is changing from rough (near three) to smooth (near four). This suggests that there is change 
in the pore shape – most likely this came from the contributions of fibres that constitute the 
wood material.  
The wide fractal dimension of the wood can be promoted by different size of material within 
its structure. Wood structure is composed of wood cells with a wall comprised of fibrils and 
microfibrils (Hoffmann et al., 1989). Fibrils are developed from cellulose with a size varying 
from 30 to 250 Å (Colvin, 1963). The illustration of the wall structure of the wood is presented 
in Figure 5.17. 
 
Figure 5.16. Huon pine wood slope from SANS/USANS measurement. 
 
Slope
From to
Huon pine 83,333.33    19,230.77 -2.085
19,230.77    625.00       -3.445
625.00          166.67       -3.953
166.67          100.00       -2.827
100.00          20.00          -1.04
20.00            2.50            -0.094
Samples
R Range (Å)
Slope
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Figure 5.17. The wall structure of the wood (from Colvin, 1963). ML: middle lamella, P: 
primary wall, S1: outer secondary wall, S2: inner secondary wall, S3: terminal secondary 
wall. 
 
For vitrain samples, slope analysis shows that in general vitrain samples can be divided into 
two groups. The first group is vitrain with 0.39%, 0.45% and 0.60% Rr (JE 05, JE 01, and 
JE 06 respectively). This group is distinguished by a hump that occurs between pore sizes 
50 to 500 Å and appears to peak at pore size around 60 to 70 Å (Figure 5.18). This hump 
caused a slope shift and results in more scattering intensity for the pore less than 50 Å. JE 
05 has a big hump followed by JE 06 and JE 01. The hump in JE 01 is rather subtle, but still 
can be seen by the changing of slope from -3.282 to -2.407. In general, there are two distinct 
region on this grup. First region is on the pore rank < 80 Å with slope from -2.404 to -2.493, 
and the second one is on pore range > 250 Å with slope range from -3.08 to -3.28. The 
change in slope intercept due to the hump induce an increase in the amount of pores in this 
region (<50 Å), and resulted an increase in porosity. The phenomena that may cause this 
hump will be explained in the discussion.  
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Figure 5.18. Slope examination of SANS/USANS data from vitrain with 0.39%, 0.45% and 
0.60% Rr (JE 05, JE 01, and JE 06 respectively) 
 
The second group is vitrain samples with 0.91% and 1.49% Rr (JE 10 and JE 11 
respectively). This group of vitrain can be distinguished by the hump at the end of the curve 
at the pore size 25 Å for JE 10 and 45 Å for JE 11 (Figure 5.19). This hump may be artificial 
due to the background scattering and low scattering intensity on this region. Overall, vitrain 
with 1.49% Rr (JE 11) has more scattering intensity than vitrain 0.91% Rr (JE 10). By 
observing the hump at the end of the curve, it can be inferred that JE 11 have more small 
pores (pore <40Å) than JE 10. Nevertheless, precautions need to be taking into account for 
interpretation of this feature, since this hump can be resulted from background scattering on 
SANS/SANS measurement (Blach, 2016, personal communication). 
However, this condition also may be caused by the abundance of small pores since this 
characteristic only occurred on these two samples with highest rank on the samples suite. 
Hump begin
From to
JE 05 83,333.33    500.00       -3.112
500.00          55.56          -0.976 Hump begin
55.56            10.87          -2.493 Slope after hump
10.87            5.00            -0.994
JE01 83,333.33    250.00       -3.282
250.00          16.13          -2.407 Slope after hump
16.13            5.00            -1.083
JE 06 83,333.33    250.00       -3.08
250.00          50.00          -1.434 Hump begin
50.00            12.50          -2.449 Slope after hump
12.50            6.25            -1.488
Samples
R Range (Å)
Slope Comment
Slope
Peak
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In general, these two samples appears to have a similar scattering intensity over 4 
magnitude and JE 11 (1.49% Rr) appear to have more changes in the smaller pore region.  
 
 
Figure 5.19. . Slope examination of SANS/USANS data from vitrain with 0.91%, and 
1.45% Rr (JE 10, and JE 11 respectively) 
 
5.2.2. Open and closed pores comparison 
From SANS/USANS measurement, the fraction of open and closed pores can be observed. 
Open and closed pores are measured under vacuum conditions, while open pores are 
measured under zero average contrast (ZAC) conditions. Further explanation can be seen 
in chapter three and in appendix C of this thesis.  
Open pores can be measured by plotting the intensity plots of SANS /USANS measurement 
at vacuum and ZAC condition. Visually, this can be assessed by looking at the differences 
between the vacuum an ZAC intensity plots that plotted on the same graph. Figure 5.20 
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shows SANS/USANS curves of intensity plots under vacuum and ZAC condition. These 
plots and their curves are presented in coal rank order; the first graph is Huon pine wood 
followed JE 05 that has lowest rank with 0.39% Rr, and so on. 
From the plots in Figure 5.20, most of the samples show a similar trend with a larger fraction 
of open pores at the bigger sizes and a decrease as the pore size decreases, except for JE 
05 and JE 06 (Figure 5.20B and D).  The sample with the highest rank (JE 11) has greatest 
amount of open pores with one and half decade at the pore size 80,000 Å, followed by JE 
01 (0.39% Rr), JE 10 (0.91%), JE 06 (0.60% Rr), Huon pine wood and JE 05 (0.39% Rr). 
While at pore size 2,500 Å, the biggest open pore is still JE 11 (1.49% Rr), followed by JE 
01 (0.39% Rr), JE 10 (0.91%), Huon pine, JE 05 (0.39% Rr) and JE 06 (0.60% Rr). Further 
down at pore size 250 Å, the sample with the greatest amount of open pores is JE 11 (1.49% 
Rr), followed by JE 01 (0.39% Rr), JE 05 (0.39% Rr), Huon pine, and JE 10 (0.91% Rr). In 
this pore size, JE 06 (0.60% Rr) did not have open pores. From these examinations, there 
is no clear relationship observed between the number of open pores and rank. 
Interestingly, the hump observed in JE 05 (0.39% Rr) and JE 06 (0.60% Rr) can only be 
observed at the vacuum conditions that representing the total scattering from open and 
closed pores. This hump is not present at ZAC condition that measured closed pores 
implying that this hump represents open pores. This finding is corroborated by the low 
pressure nitrogen adsorption from which, these two samples showed a high percentage of 
micropores. 
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Figure 5.20. Cross plotting between pore size (R) on SANS/USANS data at vacuum and 
zero average contrast (ZAC) condition. Vacuum condition has full colour circle while ZAC 
has hollow circle. A) Huon pine wood, B) JE 05 (0.39% Rr), C) JE 01 (0.45% Rr), D) JE 06 
(0.60% Rr), E) JE 10 (0.91% Rr) and F) JE 11 (1.49% Rr). 
 
5.2.3. Pore number density, specific surface area and porosity calculation 
Pore number density, specific surface area and porosity were calculated using the 
polydisperse spheres (PSDP) model utilising PRINSAS software. The PSDP model 
assumes that the pores are spherical for calculation of pore size distribution (Bahadur et al., 
A B
C D
E F
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2015). Other parameters needed for this calculation are scattering length density (SLD) and 
material density from helium density measurements. See appendix C for further explanation 
of SLD calculation. 
An assumption needs to be taken during the calculation, such as:  
1. I(Q) and Q value follow the modified Porod Law (Power Law) that can be visually 
represented by a straight line in the log-log intensity plot (Radlinski, 2006) 
2. Coal has surface fractal composition; therefore the value of the slope should be 
between -3 and -4 (Radlinski, 2006). A slope outside this range is irrelevant.  
3. Rapid departure from spherical geometry and fractality should be removed from the 
analysis. Only the same span of Q’s should be used for all plots to make a meaningful 
comparisons between samples. 
Based on the above assumption, only Q value of 5x10-5 < Q < 0.01 Å-1 (Figure 5.21) was 
chosen for the analysis. In this range both the vacuum and ZAC condition have smooth data 
with minimal noise.  
 
 
Figure 5.21. Combined SANS/USANS data from Q value of 5x10-5 < Q < 0.01 Å-1 for pore 
number density, specific surface area and porosity. This Q rang is equal with pore size 
from 250 – 50,000 Å. 
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5.2.3.1. Pore number density 
For pore number density, the results show that wood has the highest pore number density 
(PND) and samples with 0.39% Rr (JE 05) has the smallest (Figure 5.22). Slope 
measurement shows that most of samples have a slope value between -3 and -4 (Table 
5.5).  
Interestingly, observing chart sequence from the pore number density data (Figure 5.22), it 
can be noticed that the frequency (f(R)) of pore number is increased with rank, with Huon 
pine and vitrain with 0.39% Rr (JE 05) as outliers. This implies that for the pore size range 
between 250 and 50,000 Å, higher rank vitrain has more meso- and macropores than lower 
rank samples. 
 
Table 5.5. Value of parameters A (intercept) and B (slope) from power law fitting (f(R) = 
AR-B)  
 
 
A B R
2
1 Huon pine 0.01 30489.0000 -3.56 0.90
2 JE 05 0.39 0.0036 -3.45 0.97
3 JE 01 0.45 28.8090 -3.76 0.99
4 JE 06 0.6 0.7480 -3.93 0.98
5 JE 10 0.91 9638.0000 -3.96 0.92
6 JE 11 1.49 2190.7000 -3.61 0.94
Rr : Random vitrinite reflectance
A : Intercept
B: Slope
R2 : Coefficient of fit
No Samples Rr (%)
Power law
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Figure 5.22. Pore number density (pore size distribution) calculates SANS/USANS data for 
vitrain and wood in this study from Q value of 5x10-5 < Q < 0.01 Å-1 for pore number 
density, specific surface area and porosity. This Q rang is equal with pore size from 250 – 
50,000 Å. 
 
5.2.3.2. Specific surface area (SSA) 
The specific internal surface area (SSA) of the material depends on the size of the 
measuring probe. Measuring probe is the material that was used to measure specific surface 
area. For example, for the same group of pores from 3 to 500 Å, SSA can be measured 
using gas with a molecular size of 3 and 10 Å. The result will be different since gas with 10 
Å size cannot enter pore size at 3 Å.  
Using PRINSAS, SSA is calculated from the pore size distribution histogram as a function 
of probe size r (Radlinski et al., 2004).  The result is presented in Figure 5.23 showing the 
value of cumulative SSA as measured by different probe sizes. The bigger the probe size, 
the smaller SSA that can be measured.  
SSA from SANS/USANS measurement was then compared with nitrogen adsorption. For 
this purpose, SSA at probe size 4 Å were chosen because it is related to kinematic diameters 
of the nitrogen molecule that is used in nitrogen adsorption method. To get the probe size 4 
Å, SSA data on region 20 Å < probe size < 100 Å needs to be extrapolated. Similar method 
was used in this study although the dataset has a minimum probe size of 250 Å. The 
illustration of extrapolation process is presented at Figure 5.23. It is interesting to see that 
SSA at probe size 4Å shows an increasing trend from Huon pine and vitrain with rank, except 
for JE 01 (0.45% Rr) and JE 11 (1.49% Rr) (Table 5.6. SSA value from SANS/USANS 
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extrapolation to probe size 4 Å and SSA value from nitrogen adsorption.).  The decreasing 
of SSA at JE 11 can be caused by the fractured characteristic of this sample that made this 
particular samples has more surface area from cleat that formed by the fractured. Cleat or 
macropores have less surface area than smaller pores (meso- and micropores). 
Comparison between SSA from SANS/USANS measurement and nitrogen adsorption is 
presented at Table 5.6. Since the SSA unit on the SANS/USANS has a different unit than 
SSA at nitrogen adsorption, a conversion was required by using a density of the material 
(Radlinski et al., 2004). The result shows that some of the data have a good agreement i.e. 
Huon pine, JE 05 and JE 06, while the other half of the data has not, i.e. JE 01 (0.45% Rr), 
JE 10 (0.91% Rr) and JE 11 (1.49% Rr). These differences may be caused by the data 
limitation on this study when interpolated SANS/USANS data to get value of SSA at probe 
size 4Å. Interpolation to probe size 4 Å usually employ data from SSA data on region 20 Å 
< probe size < 100 Å (Radlinski et al., 2004) while the data range from this study begin at 
250 Å. This condition may be resulted on the increasing level of error on the interpolated 
value for SSA at 4Å.  
 
 
Figure 5.23. Illustration of the extrapolation process to get the value of SSA at probe size 4 
Å. 
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Table 5.6. SSA value from SANS/USANS extrapolation to probe size 4 Å and SSA value 
from nitrogen adsorption. 
 
 
 
5.2.3.3. Total Porosity  
Total porosity is determined by summing volumes of every pore size on the pore size 
distribution (Radlinski et al., 2004). Given the range of Q value of the dataset, only meso- 
and macropores (pore 20<R<500 Å and R> 500 Å respectively) were calculated.  
The results for total porosity from PRINSAS calculation are presented in Table 5.7. The 
result shows that total porosity decreases from wood to JE 05 (0.39%) then increases again 
with rank, excluding JE 01 (0.45% Rr) as an outlier.  
 
Table 5.7. Total porosity of the vitrain suite and Huon pine wood from SANS/USANS 
measurement on pores ize range from 250 to 50,000 Å. 
 
 
To compare the total porosity from SANS/USANS and nitrogen adsorption measurement, 
an adjustment is required. The result of nitrogen adsorption in this study has a pore range 
No Samples Rr (%)
1 Huon pine 0.01 3.108
2 JE 05 0.39 0.506
3 JE 01 0.45 2.252
4 JE 06 0.60 0.939
5 JE 10 0.91 1.473
6 JE 11 1.49 3.875
Rr is random vitrinite reflectance (%)
Wood is assumed have Rr 0.01%
Total 
porosity (%)
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between 10 to 1,400 Å. Therefore, to ensure comparison of the same parameters between 
total porosity from these two methods, the following needed to be done: 
 Calculation of the pore volume from nitrogen adsorption on pore size from 250 to 
1,400 Å and multiplied it by the density to get the total porosity value. 
 Since SANS/USANS data measured open and closed pores and nitrogen adsorption 
only measured the open pores, total porosity on the open pores from pore size 250 
to 1,400 Å need to be calculated by subtracted total porosity from vacuum and ZAC 
condition on that pore size range. 
The result is presented in Table 5.8. Due to the limitation of the data on these pore range, 
PRINSAS was not able to calculate the data from Huon pine and JE 05. Therefore, the 
comparison was only made for vitrain sample from 0.45% to 1.49% Rr. The result shows 
that there is no correlation between porosity on open pore calculated by PRINSAS and 
porosity from nitrogen adsorption on the same pore size range between 250 to 1,400 Å. 
 
Table 5.8. Comparison on total porosity calculation between open pores in SANS/USANS 
measurement and nitrogen adsorption at pore range 250 to 1400 Å. Yellow highlight 
represent the data that calculated from both methods. 
 
 
5.3.  Discussion 
This study attempts to follow the changes of pore structure from Huon pine wood through 
vitrain at different ranks using low pressure nitrogen adsorption and SANS/USANS methods.  
For low pressure nitrogen adsorption, although pore structure in coal is thought to be highly 
affected by rank, coal composition seems to have the bigger effect in the vitrain suite from 
New Zealand coals, even when the variation of composition was reduced by selecting only 
vitrain layers.  The reason why telinite has a more significant relationship with increased 
SANS/
USANS
Nitrogen 
Adsorption
1 Huon pine 0.01 Error 0.040
2 JE 05 0.39 Error 0.113
3 JE 01 0.45 0.474 0.124
4 JE 06 0.6 0.038 0.215
5 JE 10 0.91 0.093 0.129
6 JE 11 1.49 0.943 0.187
Rr: Random vitrinite reflectance (%)
No Samples Rr (%)
Porosity (%)
95 
pore volume may be related to the mesopores abundance. Unlike other macerals, telinite 
still has cell structure that is not covered by gel as in the collotelinite maceral, which could 
influence accessibility of nitrogen to the pores. The result using this method shows that the 
vitrain sample with most abundant telinite content has a total pore volume higher than the 
other vitrain samples and therefore has higher value for total porosity with the exception for 
JE 11 with 1.49% Rr. Although telinite was not found in this particular sample, the fracture 
nature of JE 11 may had contributed for its pore volume. 
In SANS/USANS data, although this kind of relationship cannot be found, there is an 
interesting finding on the SANS/USANS cross plotting at the vacuum condition. JE 06, which 
shows a significant pore volume in nitrogen adsorption measurement, has a hump in the 
small pore region (<250 Å). This hump reflects the increased intensity of pores in this region 
and made consequently, higher pore volume can be estimate for JE 06 compare with others. 
Beside JE 06, JE 05 (0.39% Rr) also has a hump on the small pore region. This may explain 
why this sample has a higher percentage of micropores than others on nitrogen adsorption 
measurement.  
The hump on the JE 05 and JE 06 may be representing the wood cellulose from the 
precursor plant. The cellulose of microfibrils has a size of 30 to 250 Å (Colvin, 1963) which 
is on the size range of pore size where a hump in JE 05 and JE 06 occurs.  Cellulose is 
degraded geochemically in the early stage of coalification while other parts of the wood, like 
lignin is more resistant (Hatcher et al., 1989; Kalaitzidis et al., 2006). The degradation 
process of cellulose may develop pores that can be observed in the hump on JE 05 and JE 
06. As the coalification increases, the cellulose is completely degraded which can be 
expressed by the lack of this hump in higher rank vitrains. 
There is no good agreement between specific surface area (SSA) from SANS/USANS and 
nitrogen adsorption calculation. This agreement is also not present in the total porosity 
measurement. The differences between total porosity obtained from nitrogen and 
SANS/USANS measurement can be induced by the techniques used in this study. Nitrogen 
gas only measures the open pores and measures the pore size by the monolayer gas 
assumption. Not all pores inside the samples were accessed by nitrogen. On the other hand, 
the neutron beam can determine all pores, open and closed. However, the comparison of 
open pores by SANS/USANS and nitrogen adsorption do not result in similar trend.  
Nevertheless, some similarities do occur between the results. Both methods show that the 
vitrain sample of 0.60% Rr has a different characteristic than any others samples. This 
particular sample has more pore volume on the nitrogen adsorption and has a hump in the 
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SANS/USANS measurement that reflected more pore frequency at the smaller pore (< 
250Å) range. The differences in the samples may be caused by pore space rearrangement 
inside coal samples. According to Radlinski (2006) this pore space rearrangement takes 
place around 0.6% to 0.66% Rr which corresponds to the hydrocarbon generation stage, 
which is coincident with the first vitrinite coalification jump (Taylor et al., 1998). Different 
magnitude of pore volume on samples with 0.60% Rr may also be a result from hydrocarbon 
expulsion but from different mechanisms. Observation under the microscope revealed that 
this sample has cleat and cell lumens that are filled with bitumen or a hydrocarbon substance 
that possibly comes from other sources. It seems that after the cleat and cell lumen were 
filled, this hydrocarbon substance is expelled and develop more pores inside. The 
observation using SEM shows that this sample has more visible pores than other vitrain 
samples (see Figure 4.12 on chapter 4) which might explain why the pore volume in the 0.60 
Rr (JE 06) has 6 times more pore volume than the next rank sample, 0.66% Rr (JE 09).  
The incremental pore size distribution from nitrogen adsorption also showed a similarity in 
the peaks on all samples from wood to vitrain. This implied that the samples suite in this 
study have similarity on their pore structure, and each size range reduces correspondingly 
with rank for the vitrain. The similar distribution in the pine wood suggests that vitrain will 
have some inheritance in pore structure from its plant precursor, but mostly in the macro 
and mesopores  
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6. Conclusion and future directions 
This study investigated the pore structure changes from wood to vitrain using Huon pine 
wood, which is a relative of the precursor Lagostrobus sp thought as a precursor of vitrain 
in New Zealand Cretaceous age coal. Petrographic analysis of the vitrain samples revealed 
their composition has vitrinite content from 79% to 100 %, and telinite macerals in particular 
ranging from 13.3% to 84.7% mmf. The rank random vitrinite reflectance of the samples 
ranged from 0.39% to 1.49%, which crosses the coalification jump. Etching of the vitrain 
samples revealed a similar cell structure with Huon pine wood, or at least gymnosperm 
wood, and estimated compaction ranged from 9:1 to 4:1. The samples that were low telinite 
were instead collotelinite, for which the separation between the cell filling and cell walls were 
indistinct, although one sample had abundant corpohuminite and the other metabitumen. 
Therefore, the relationship between rank trends and pore structure changes was often 
overridden by composition.  
To quantify the pore structure changes, this study used two different methods: low pressure 
nitrogen adsorption and SANS/USANS. The result from nitrogen adsorption shows that pore 
structure in vitrain is more affected by maceral composition than rank. This was shown by a 
correlation between percentages of pore volume with the telinite maceral. Although all the 
vitrain samples were high in the vitrinite group macerals, the individual macerals composition 
still affects the pore structure. This highlights the need to characterise samples at a higher 
resolution than maceral group level when looking for trends, as the defining texture is 
important for pore structure. However, the result from the SANS/USANS measurement did 
not show a similar result. Intensity in pore number density shows that in the pore region from 
250 to 1400 Å, pore number density tends to follow rank, although JE 01 and Huon pine 
wood were outliers. This difference in behaviour may be caused by the different methods 
and assumptions, i.e. SANS/USANS results assumed follows the power law while nitrogen 
adsorption does not.  Other issues may have arisen from the need to select specific pore 
size cut offs within the SANS/USANS data to ensure adherence to a fractal (straight line) 
distribution.  Assumption of a fractal distribution assumes a single population in the 
distribution, and it is possible that there are many in the different sizes but the study was not 
able to rerun the experiments. The calculation of the smaller pores in the SANS/USANS 
measurement was highly affected by background subtraction was dependent on the 
hydrogen content.  The fact that the hydrogen increased with increasing rank, which is 
different to most coals, may have cancelled out the type effect, but this is speculation.  New 
Zealand coals are known to be perhydrous, and it is possible that the change in rank (loss 
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of water) not only changes pore structure, but that hydrocarbons (bitumen) are produced. A 
more detailed rank suite would be required, and a different experimental and 
characterisation approach would be required to follow this up.  
SANS/USANS measurement on open and close pores revealed similarities between the 
samples from Huon pine wood to vitrain.  A greater volume of open pores occurred at the 
larger pore sizes and decreased with decreasing pore size for all samples. However, the 
total volume of open pores showed no correlation with rank. Interestingly, SANS/USANS 
measurement observed significant pore structure changes in smaller pores range for low 
rank coal (Rr <0.60%). Open pores in this region are increased and this finding was 
corroborated by the low pressure nitrogen adsorption measurement that showed a high 
percentage of micropores. This phenomenon could have resulted from the decay or 
dissolution of the cellulose microfibrils in the wood (which have a similar size) in the early 
stage of coalification. Comparison between total porosity measured by open pores from 
SANS/USANS and nitrogen measurement at the same pore size ranges showed no 
correlation. This may result from the techniques, the low sample number or that the pure 
vitrain samples are variable and respond differently to the different techniques.  
Similarity in results from the two methods occurred with sample of 0.60% Rr (JE 06).  This 
particular sample has different characteristics than the other samples, and the differences 
can be detected on both of the methods. The difference was represented by high pore 
volume content on nitrogen adsorption measurement and a hump on the small pore region 
on SANS/USANS measurement. This phenomena, may be caused by pore space 
rearrangement inside coal samples due to the coalification process. During the coalification 
process, cellulose microfibrils are degraded, possibly devolatilized, and this may generate   
more pores. Another possibility is due to the hydrocarbon generation stage, which is 
coincident with the first vitrinite coalification jump (Taylor et al., 1998). As observed under 
the microscope, this sample has cleat and cell lumens that are filled with bitumen or a 
hydrocarbon substance. It seems that after the cleat and cell lumens were filled, this 
hydrocarbon substance is expelled and left more mesopore inside. The observation using 
SEM shows more pores (macropores) on this sample.  
Vitrain suite in this study may have comes from the Huon pine alike wood. This is showed 
by the similarity in the peaks on nitrogen adsorption pore size distribution from wood to 
vitrain suite. This similarity implied that samples suite in this study have similarity on their 
pore structure, and each size range reduces correspondingly with rank for the vitrain. The 
similar distribution in the pine wood suggests that vitrain will have some inheritance in pore 
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structure from its plant precursor, but mostly in the macro and mesopores. However this 
trend is not shown in the SANS/USANS measurement. 
Over all, this study shows that different methods that used in pore structure measurement 
may give the different result due to the differences on the technique and assumption that 
used in the interpretation. Therefore, further work that involving more samples is needed to 
throw a new light on this matter.   For future work, other technique like small angle X-Ray 
scattering (SAXS) can be used as a comparison to SANS because x-ray is not sensitive to 
hydrogen. Therefore, it can give a better insight on the meso and micropores size that cannot 
be explained clearly using small angle neutron scattering methods. 
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APPENDIX A: Low pressure carbon dioxide adsorption 
Carbon dioxide (CO2) adsorptions were performed by a discontinuous static volumetric 
method using the Micromeritics TriStar II 3020 instrument (Figure 24). Carbon dioxide 
adsorption is commonly used to measured pores < 2 nm on coal for porosity studies 
(Clarkson and Bustin, 1999; Mastalerz et al., 2008a, 2008b).  
 
 
Figure 24. Micromeritics TriStar 3020 instrument used for low pressure adsorption using 
nitrogen and carbon dioxide gas. 
 
The flow chart of the experiment is presented in Figure 3.7. The wood sample was prepared 
by slicing it into 2 mm blocks; whereas vitrain bands were picked from coal samples. All of 
the samples were kept overnight at 800C in an oven. The vitrain samples were then crushed 
until passing 212 µm sieve. Around 0.5 g of each sample was used in the experiment. Next, 
all of the samples were placed into a glass tube and degassed for 24 hours or more by using 
a Micromeritics TriStar 3020 instrument under vacuum condition at 80 – 1070C. The samples 
were kept in the instrument until there was no change in the system conditions. The 
temperature set in this experiment was intended to remove moisture content while avoiding 
damage to the pore structure inside the sample. The next step was to weigh the samples 
and the tubes to calculate the weight for the analysis before they were placed into the 
instrument. Low pressure carbon dioxide experiments were performed at 273 K (00C).  
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Figure 25.Flow chart on low pressure adsorption experiment.  
 
The pressure and the molar quantity of nitrogen and carbon dioxide adsorbed into the 
samples were recorded automatically. The quantity of gas adsorbed per unit mass was 
expressed as moles or cubic centimetre per gram (S.T.P) as a function of relative equilibrium 
pressure (P/P0). The quantity of gas adsorbed was plotted against relative pressure (P/P0) 
to produce isotherm patterns, the shape of which provided information about types of pores 
presenting within the samples (Sing, 1982). 
Surface area, pore volume, and pore size distribution were calculated automatically by the 
software of Tristar II 3020 V1.03 on Micromeritics Tristar II 3020.  
 
Result 
For carbon dioxide adsorption, the experiment was conducted at 273 K (0°C) with the same 
samples that were used in nitrogen adsorption. This measurement will measured the 
micropores (pore less than 20Å). However, from one wood and seven vitrain samples that 
were measured, only three samples were come with the result. This samples are vitrain with 
Rr 0.45%, 0.60% and 1.49%. It seems that pores less than 20 Å is not available on the 
others samples. The instrument cannot detect and calculate the micropores value. This 
situation occurs may be because of the size of the pore throat on these samples are the 
same or less than carbon dioxide molecular size. This condition can made carbon dioxide 
molecule cannot penetrate the pore.  
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Interestingly, the result of this experiment shows an inverse trend compared with general 
trend on coal (Gan et al., 1972; Levine, 1993). On the general trend, pore volume on 
micropores is increase with rank, while on this study, vitrain with high rank has the lowest 
pore compared to vitrain with low rank (Figure 26). This result did not corroborate the 
previous research that volume of micropores increase along with the rank (Levine, 1993; 
Moore, 2012). Furthermore, pore size distribution shows bimodality with the peak at around 
5.5 Å and 8.5 Å (Figure 27).   
 
 
Figure 26. Relationship between micropores cumulative pore volume with rank. 
 
 
Figure 27. Result on pore size distribution from low pressure carbon dioxide adsorption 
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APPENDIX B: High pressure adsorption isotherm using methane and carbon dioxide 
The high pressure adsorption isotherm experiments were carried out using a BELSORP-BG 
instrument (Figure 28). The samples analysed for this experiment were split from the same 
samples that analysed under low pressure gas injection onN2 and CO2 samples. The 
adsorption isotherm was conducted with methane (CH4) and CO2 on 1 gram of milled 
samples that passed a 212 µm sieve for vitrain and a fragment for Huon pine, on an ‘as 
received’ basis. The employed temperature was 320 C with the pressure up to 60 bar for 
CH4 and 50 bar for CO2. By assuming a mechanism of a mono-layer gas adsorption, the 
experiment results were fitted with the Langmuir equation (K. S. Gregg and Sing, 1982).  
 
 
Figure 28. BELSORP-BG instrument that used for CH4 and CO2 adsorption Isotherm. 
 
Result 
Three samples were tested for high pressure adsorption isotherm using methane and 
carbon dioxide. This methods used to determine samples maximum gas sorption capacity. 
The result shows the gas volume that adsorbed by vitrain in this study is increase with rank 
except for vitrain sample with Rr 1.49% (JE-11). (Figure 29). Due to this discrepancy, 
samples with Rr 1.49 were tested twice using the different vitrain samples that handpicked 
from the same coal samples. The result shows similarity on methane and carbon dioxide 
adsorption (Figure 30).  
The amount of carbon dioxide gas adsorbed by the vitrain samples is bigger than methane. 
This trend is consisted within the samples. The ratio of methane and carbon dioxide 
adsorption are between 1:4.5 and 1:7.7. The distortion on Rr 1.49% sample may be because 
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of the condition of the given sample (the highest rank in the coal suites). Under the 
microscope, this sample, JE-11 with Rr = 1.49%, appears to be more sheared in comparison 
to the other samples indicating that it has suffered tectonically. Milonitic structure  and tightly 
compressed fractures prevent the gas to enter the pore (Li et al., 2003).  
 
 
Figure 29. High pressure adsorption isotherm result using methane and carbon dioxide 
gas. 
 
 
Figure 30. The high pressure adsorption measurement result on vitrain with Rr 1.49% 
using methane (CH4) and carbon dioxide (CO2) gas 
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APPENDIX C: Small/Ultra-small angle neutron scattering 
Experiment result  
Five vitrain samples and one wood sample were analysed. All of the samples that used in 
this experiment were similar with samples suite used in low pressure nitrogen adsorption, 
although the number of samples is reduced due to limitation of the beam time. Samples that 
used in this measurement is presented in Table 9. 
 
Table 9. Vitrain suite and wood samples that used for SANS/USANS experiment. 
 
 
SANS/USANS original data and background subtracted data  
Small angle and ultra-small angle neutron scattering (SANS and USANS) data were 
collected at vacuum and zero average contrast (ZAC) condition. At vacuum condition, open 
and closed pores were measured, while at ZAC condition, only closed pores was quantify. 
SANS/USANS measurement at vacuum and ZAC condition is important to determine the 
fraction of open and closed pores that will explained later in another sub chapter.  
The raw data of SANS/USANS is presented in Figure 31. 
 
 
 
1 Huon pine 0.01
2 JE 05 0.39
3 JE 01 0.45
4 JE 06 0.60
5 JE 10 0.91
6 JE 11 1.49
Rr: Random vitrinite reflectance
No Sample Rr (%)
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Figure 31. SANS/USANS intensity plot on the original (raw) data 
 
The raw data from SANS/USANS measurement must be carefully corrected for background 
scattering that arise from incidence beam fluctuations (incoherent background), background 
radiation (black current), pressure cell scattering (used to hold the sample) and detector 
efficiencies that is caused by hydrogen nuclei, present in either water or hydrocarbons. This 
incoherent background dwarfs the coherent scattering contribution in the micropore range 
0.45% Rr
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and introduces significant errors. Since coal has a surface fractal microstructure (Radlinski, 
2006), an overriding assumption is that coal also has a surface fractal pore size distribution 
and uniform composition on the scales probed by the neutron; therefore little, if any, 
inflection or wobble in cross plots of Q vs I(Q) in a log-log plot should occur. If one assumes 
fractality then one can apply Porods Law to obtain and compare the fractal number which is 
a measure of self-similarity and allows prediction of coarse and fine ends of the distribution 
using measures of the curve (e.g. slope and intercept, or a selected index). An example of 
comparison in SANS/USANS data before and after background subtraction is presented in 
Figure 32.  
 
 
Figure 32. Example of SANS/ USANS before and after background subtraction processes 
using PRINSAS software. 
 
Figure 5.2 shows SANS/USANS data for all samples after inelastic background scattering 
subtraction. In some samples (Huon pine, JE 10 (0.91 Rr) and JE 11 (1.49 Rr)), bulk 
correction across all samples did not remove the effect of incoherent scattering in the smaller 
sizes. This is due to the limitation in incident beam intensity and detector sensitivity and is 
greatly improved using Small Angle X-Ray Scattering, which not only provides much higher 
intensity beams, but does not suffer from incoherent scattering contributions from hydrogen. 
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Figure 33. Cross plotting between pore size (R) on SANS/USANS data at vacuum and 
zero average contrast (ZAC) condition. Vacuum condition has full colour circle while ZAC 
has hollow circle. A) Huon pine wood, B) JE 05 (0.39% Rr), C) JE 01 (0.45% Rr), D) JE 06 
(0.60% Rr), E) JE 10 (0.91% Rr) and F) JE 11 (1.49% Rr). 
 
As mention above, flat background may be affected by hydrogen content inside the samples. 
Cross plotting between hydrogen content and incoherent scattering value show a positive 
A B
C D
E F
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linear correlation with significant R2 value: 0.756 and 0.763 for vacuum and zero average 
contrast condition, respectively (Figure 34).  
 
 
Figure 34. Corelation between hydrogen content and incoherent background value that 
used for SANS/USANS background subtraction at Vacuum and ZAC condition.  
 
Scattering length density (SLD) 
SLD is “obtained from the strength of the interaction between neutrons and all nuclei 
contained in the unit volume of the samples” (Sakurovs et al., 2012). SLD value for 
homogeneous material can be determined by using their chemical composition and mass 
density. Therefore, to calculate SLD value from the samples suite, data from ultimate 
analysis and helium density is needed.  
SLD can be determined using formula that explained in Radlinski (2006).  
𝜌𝑛 =
𝑁𝐴.𝑑
𝑀.∑ 𝑝𝑗𝑗 .(∑ 𝑠𝑖.𝑏𝑖)𝑖 𝑗
   
where :   𝑁𝐴 is Avogadro’s number 6.022 x 10
23 
  𝑑 Is density in g/cm3 
  M is Pseudo-molar mass 
  𝑠𝑖 is the proportion of numbers of nucleus i in the compound j 
  𝑝𝑗 is the proportion of numbers of the compound j in the mixture 
  𝑏𝑖 is the coherent scattering amplitude for nucleus i.  
R² = 0.7569
R² = 0.763
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SLD was calculated from the ultimate analysis (sulphur, carbon, hydrogen, nitrogen and 
oxygen), and matrix (helium) density (Table 10). Interestingly, the density value for vitrain 
from helium density measurement is similar with published density values for different ranks 
from Diessel, (1992). However, density of Huon pine wood from helium density is different 
from published density, 0.55 g/cm3 and 1.40 g/cm3. This condition directly affected the SLD 
value. The result is presented in Table 10.  
SLD value for all samples suite has a range from 2.16 x 1010 cm-2 (Huon pine) to 3.07 x 1010 
cm-2 (JE 01, 0.45% Rr). A comparison of SLD with rank shows that Huon pine wood is an 
outlier (by either density). Therefore, when Huon pine is excluded the SLD value decreases 
with increasing rank (Figure 35). This negative trend is different than previous studies from 
Sakurovs et al., (2012) and Radlinski et al., (2004), but has a similarity with a previous study 
from Mares (2009).  
 
Table 10. Parameters used to calculate scattering length density (SLD) value for all 
samples. 
 
 
Both Mares (2009) and this study used a New Zealand coal suite, and these coals are 
commonly perhydrous, particularly when vitrain rich. Sakurov et al (2012) used vitrinite and 
inertinite rich coal from Australia, New Zealand, USA and Poland while Radlinski et al.(2004) 
used vitrinite rich coal from Appalachian and Illinois Basin. Cross plotting of SLD value and 
carbon content shows positive correlation despite the outliers on Sakurovs data that result 
from coal with vitrinite content less than 70%.  The differences on SLD trend with rank on 
Mares (2009) and this study with others is may reflect the higher hydrogen contents of New 
S  C H N O
1 Huon pine 0.01 0.05 55.66 5.33 1.33 37.65 0.55 0.85 1.40 2.16
2 JE 05 0.39 0.66 73.60 4.27 0.81 20.66 1.50 2.98 1.47 2.92
3 JE 01 0.45 0.61 73.80 4.05 0.92 20.62 1.50 3.07 1.43 3.07
4 JE 06 0.6 0.36 79.60 4.86 0.93 14.25 1.34 2.57 1.35 2.59
5 JE 10 0.91 0.63 87.20 6.01 1.84 4.32 1.28 2.22 1.29 2.24
6 JE 11 1.49 0.62 88.00 6.09 1.85 3.45 1.27 2.19 1.36 2.35
Density 1 : From literature (Diessel (1992) for vitrain and http://www.wood-database.com/ for Huon pine)
Density 2 : From helium density measumerement
SLD 1 : Scattering length density using density 1
SLD 2 : Scattering length density value using density 2
SLD 2               
(x 1010cm-2)
Density 2 
(g/cm3)
Samples
Elemental Composition (daf, wt%) Density1 
(g/cm3)
SLD 1               
(x 1010cm-2)
No Rr (%)
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Zealand coal, which for this study increases with increasing rank, which is opposite to most 
coals.  
 
 
Figure 35. Comparison on SLD value between previous study and this study. 
 
 
 
 
 
 
